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ABSTRACT 
Atherosclerosis, which is the underlying cause of most arterial blockage, is a major health 
care risk. The implantation of stents is a popular and effective technique used by 
cardiologists to treat the arterial stenosis. Currently the large balloon-inflatable stents 
used for iliac vessels have a tendency to slip off the delivery balloon when the stent is 
deployed. The project in hand deals with the use of finite element modelling to simulate 
the deployment system in an attempt to find a solution to the problem. 
The modelling of stents by different finite element packages was carefully analysed and 
the results of various simulations described in the literature were reviewed. However, 
published work on the simulation of balloon-inflatable stents with computer programs is 
very scarce. For this study the ABAQUS finite element package was used to model the 
system. After carefully studying the folded balloon shape, the balloon was modelled with 
membrane elements, having square ends instead of the actual tapered ones. Two stents 
were modelled with the use of shell elements, the one being in the uncrimped form and 
the other having the dimensions of an already crimped stent. Shell elements were also 
used to create the inner lUmen of the catheter. The guide wire that fits inside the lumen 
was modelled as a discrete rigid body. At first the already crimped stent was used in the 
assembly. The balloon, inner lumen and guide-wire were fixed in the axial direction, 
whereas the stent had free boundary conditions and was allowed to move in any 
direction. Pressure was applied to the inner surface of the balloon, which inflated and 
forced the stent to deploy. 
A stent crimping machine was then studied and the mechanism modelled as 12 discrete 
rigid plates, which were arranged in circumferential fashion and moved radially inwards 
to mimic the crimping action. The already crimped stent was then replaced with the 
uncrimped one and the crimping tool model added. The stent was now crimped onto the 
outer surface ofthe balloon, the crimping tool removed and the balloon inflated to deploy 
the stent. In an attempt to cause the stent to shoot off the delivery balloon, the stent was 
assembled so that it was located off-centre on the balloon and the balloon was then 
inflated. 
The simulations yielded satisfactory results, although the simulations were found to be 
extremely expensive from a computational point of view, with run times of up to 2 
weeks. The energies in the system as well as the stress distributions were computed and 
analysed. The deformation of the stent and balloon was closely watched throughout the 
simulation. The balloon was inflated and the pressure was large enough to overcome the 
reaction force of the stent and to deploy it. It was found that the balloon took on a 
triangular shape during inflation, which produced out-of-plane deformation of the stent's 
hairpin bends. This is an area of concern, since this could potentially cause injury to the 
vessel wherein it is to be deployed. The displacement of the stent during the whole 
simulation, both crimping and deployment, was calculated and analysed. It was found 
that stored inertial energy caused the stent to have a "spring back" motion and it began to 
oscillate when the crimping tool plates were removed. During crimping and deployment 
of the stent it was plastically deformed and thus work-hardened into its new shape. The 
use of a parallel computer cluster to decrease simulation times was also investigated, and 
found to be a feasible option, depending on the nature of the simulation. 
Due to time constraints and the computationally expensive nature of the simulations, the 
exact reason for the dislodging of the stent could not be established. However, crucial 
knowledge was gained about possible reasons for this phenomenon. The areas where 
failure is likely to occur were identified as well as causes for possible vessel injury. The 
computer model that was created can also be used to investigate the effects of certain 
alterations in the stent design. These include, for instance, changes in stent strut 
dimensions and material properties, which could be useful when trying to achieve the 
optimal stent design. This finite element model thus opens the door to future simulation 
studies and makes it considerably easier to find a solution to the off-shooting stent. 
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The arterial system is increasingly affected by atherosclerosis. It manifests itself through 
the gradual thickening of the arterial walls, where there is a deposit of fatty plaque. This 
leads to a decrease in the vessel luminal diameter. Atherosclerosis is the underlying 
chronic disease in most cases of artery stenosis or arterial blockage. This results in the 
narrowing or complete occlusion of the vessels, which in turn leads to restriction of blood 
supply to the tissues in the human body. Restoring adequate arterial blood flow to 
insufficiently oxygenated tissue areas will help to treat this problem. Presently there are 
different surgical and interventional approaches that could be taken. The most common 
are the interventional methods because they are minimally invasive. For this method 
catheters are used to access the diseased artery. Two different interventional methods are 
currently used: Percutaneous transluminal angioplasty (PTA) and stenting. With PTA a 
catheter, with a deflated balloon mounted onto it, is advanced in the artery to the area of 
blockage. The balloon is then inflated in the area of the occlusion to the original vessel 
diameter to widen the restriction and restore normal blood flow to the area. 
A stent is a small, smooth, metallic tubular mesh, which is used to support arterial walls 
to minimize the blockage of arteries (Etave et al., 2001 and Migliavacca et aI., 2002). 
There are two types of stents: self-expanding and balloon expandable. Practically, the 
self-expanding stent is crimped onto a balloon, which is then attached to a catheter. It is 
then advanced to the area of blockage, the balloon inflated and the stent deployed. The 
balloon is then deflated and the plastically deformed mesh maintains the dimension of the 
inflated balloon. The stent is thus left to support the damaged arterial wall after the 
balloon has been deflated and the delivery system removed. Figure 1.1 shows a typical 
stent in crimped and deployed form. 
The use of stents is not without problems, however, and there are difficulties: migrations, 
clot formations, collapses and positioning are some of the serious issues (Migliavacca et 
al., 2002). Di fferent tecM iques h ave been used in the past to try and deterrn ine the 
mechanical properties and characteristics of the stents. This information helps the design 
of the stent and stent del ivery systems to minimize the different problems involved with 










figure J.1 Typical stent in crimped and deployed shape (Dumoulin el af., 2000) 
This project was done in conjunction with the company OISA Vascular (?'ty) Ltd that is 
based in Cape Town, South A fdca. DISA Vascular specializes in the design and 
development of coronary and peripheral slenls and related technologies. The company 
has developed a number of stent platforms, from stainless steel to cobalt-chromium. They 
have exploited the proven S-Flex corooary stent technology and developed a range of 
peripheral stems that combine the attributes of a leading coronary stent wjth the specific 
requirement for the peripheral vessels. The large balloon-in flatable ste,nts used for iliac 
vessels (diameters of up to 12mm) have a tendency to slip off the delivery balloon when 
it is deployed. This could be very dangerous to the patient and could lead to major 
problems. The exact rea'\on for this phenomenon is un.known, but i[ was believed Ihat the 
asymmetrical ioitial opening of the balloon was one of the main causes. The one end of 
;2 
the balloon opened up quicker than the other and this tended to push the stent off the 
balloon. Other reasons could be: the fact that the stent is not central on the folded 
balloon; internal pressure is not uniform; balloon folding is not uniform; and the fact that 
the stent is not uniformly in contact with the folded balloon. Understanding the physical 
mechanism and mechanical properties of the system is the first step in finding the reason 
for this phenomenon and solving this problem. 
Finite element modelling is believed to be the right tool to use to solve this problem and 
therefore the ABAQUS finite element package (Hibbit Karlsson & Sorenses, Inc., 
Pawtucket, RI, USA) is used to model the system. An initial literature study of previous 
studies where Finite Element Analysis was used to model stents forms the foundation for 
the modelling of the system. Based on these findings the balloon, which is used to expand 
the stent, the stent itself, the inner lumen on which the balloon is fixed and the guide wire 
used to insert the catheter, will be modelled in detail. Pressure will then be applied to the 
inner surface of the balloon to model the deployment of the balloon. 
The stent is actually crimped onto the folded balloon to ensure that the stent does not 
dislodge during the advancing of the catheter to the site of blockage in the vessel. After 
successful modelling of the stent deployment, the crimping tool will be modelled and the "-
whole system assembled. The stent will then be crimped onto the balloon, the crimping 
........ 
tools removed and finally the balloon, with crimped stent on top of it, will be inflated and 
the stent deployed. Finally, imperfections will be added to the model to try and simulate 
the shooting off of the stent during deployment and to find the cause of this strange 
phenomenon. 
Chapter Two will be a review of the relevant literature on the finite element modelling of 
stents. Chapters Three and Four will outline the actual modelling of the system, while 
Chapter Five will provide the simulation results and include an in-depth discussion. This 
will be followed by Chapters Seven and Eight, which will comprise of a conclusion and 




2.1 The Finite Element Method 
In recent years, the finite element method has become widely accepted by the engineering 
professions as an extremely valuable method of analysis (Rockey et al., 1975). At first it 
was applied to problems of stress analysis, but has subsequently been applied to many 
other problems of continua. The development of the finite element method thus ensures a 
rapidly widening field of application. Problems that were once regarded as insoluble can 
now be solved and satisfactory results obtained. The finite element (FE) analysis is a way 
of getting a numerical solution to a specific problem (Cook, 1995). However, the FE 
solution is approximate and it does not produce a formula as solution, nor does it solve a 
class of problems. 
Cook (1995) gave an unsophisticated description of the FE method to try and explain 
what FE modelling is in laymen terms. Basically a structure is cut into several elements 
and the behaviour of each element then described in a simple way. The elements are 
reconnected via "nodes", which are like drops of glue holding the elements together. This 
process results in a set of simultaneous algebraic equations. There may be several 
thousand such equations, which must be analysed and solved by the computer. In stress 
analysis these equations are in equilibrium. Cook (1995) also provided a more 
sophisticated description of the FE method: it could be regarded as a piecewise 
polynomial interpolation. This means that, over an element, a field quantity such as 
displacement is interpolated from values of the field quantity at the nodes. If the elements 
are connected, the field quantity becomes interpolated over the whole structure in 
piecewise fashion. There are thus as many polynomial expressions as there are elements. 
According to Cook et al. (2002) the general formulation of elements of finite element 
analysis relies on tools of stress analysis, which includes stress-strain relations, strain-
4 
displacement relations and energy considerations. Stress-strain relations could be staled 
in the followings matrix fonns for I inear elasticity: 
(2.1) 
where {<1} and {£} are the vector arrays of stresses and strains, respectively and (E) is the 
matrix of the elastic modulus. In two dimensions, with x and y coordinates, the equation 
can be rewritten as: 
Stresses = Constitutive matrix x Strains 
(2.2) 
To obtain the relations for the displacement field, the following definitions of strain could 
be used, Engineering normal strain is change in length divided by toe original length 
whi Ie shear strain is the amount of change in a right angle. Figure 2.1 shows the formulas 
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For 2-D cases the strain-relationship could now be rewritten as: 
or symbolically, 
{e} [a]x {u} 




{u}= [N]x {d} where {u} = Lu v w J (2.6) 
where {u} and {d} are the displacements and nodal displacement respectively and [N] the 
shape function matrix. If the two equations above are now combined, it could be shown 
that 
{e}= [B]x {d} where (2.7) 
The stiffness matrix of the individual elements could be written as: 
6 
(2.8) 
For the assembly of the elements to form a finite element structure, the global stiffness 
matrix was given as: 
(2.9) 
where Nels is the number of elements in the structure. It could now also be shown that: 
(2.10) 
where {d} for each element is assembled into a global displacement vector {D}, the 
vector of degrees of freedom for the entire structure and {F}extemaJ is equal to the external 
forces applied to the structure nodes. This equation is for a linear static system. 
This project involves a structure that is in movement; therefore it is useful to look at the 
equations for a system in motion. Bathe (1976) explained that for a finite element system 
in motion the equations for eqUilibrium could be written as: 
[M ]{b}+ [C ]{i>}+ [K KD} = {F:xlerno/ } (2.11) 
where M, C and K are the mass, damping and stiffness matrices, respectively, FextemaJ is 
the external load vector and U, 0 and {j are the displacement, velocity and acceleration 
vectors of the finite element assembly. All of these factors are time-dependant and the 
equation may be rewritten as: 
(2.12) 
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where FI(t), FD(t) and FE(t) are inertia, damping and elastic forces, respectively. For this 
reason, in dynamic analysis, the static equilibrium at time t is considered. Two types of 
numerical integration techniques may be used, implicit or explicit integration. 
Bathe (1976) explained that explicit integration is aimed at satisfying only at discrete 
time intervals M. This means that equilibrium is sought at discrete time points. If the 
displacement, velocity and acceleration vectors at time 0 are known and the solution of 
the above equation is needed for time 0 to T. The time T is now subdivided into n equal 
time intervals Llt. The integration algorithm assumes that that the solutions at times 0, Llt, 
2M, .... , t are known and that the solution at time t + M is required next. The explicit 
integration method most commonly used is the central difference method. It was assumed 
that: 
{b}t = ~2 ({DLAt -2{D}t +{DL~t) (2.13) 
and 
(2.14) 
now substituting for band bwe obtain: 
{DLAt =[~M+_l CJ-I({F}t-[K-~M]{D}t-[~M-_l cJ{DL~t) 
& 2& & & 2& 
or simply put 
(2.15) 
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The time step .M is critical for the analysis. The integration scheme is conditionally stable 
and therefore M ~ Merit to prevent divergence. If.M is too large, explicit integration fails 
and if.M is too small, it is computationally too expensive. Cook et al. (2002) defined ~tcrit 
as follows: 
(2.16) 
This means that ~t must be small enough so that information does not propagate more 
than the distance between adjacent nodes during a single time step. For implicit 
integration equilibrium conditions are not used at time ~t but at time t + .M. This could 
easily be explained by the following equation: 
(2.17) 
Different types of elements could be used to build up a finite element structure, but only 
two will be described here, namely: shell and membrane elements. 
Cook et aZ. (2002) described a shell having a curved inner and outer surface, which is 
separated by a thickness t that is small in comparison with the overall dimensions of the 
shell. The mid-surface is a distance halfway between the outer and inner surfaces, in 
other words a distance tl2. Most finite element software packages make use of the mid-
surface or mid-plane value to model the shell element. An illustration of this surface is 
shown in Figure 2.2. 
9 
x 
Figure 2.2 Mid-surface illustration (Bathe, 1982) 
t 
2 
The general-purpose shell elements used in the finite element package ABAQUS are 
small-strain elements. The ABAQUS user's manual explained that these general-purpose 
elements provide robust and accurate solutions in all loading conditions for thin and thick 
shell problems. Thickness change as a function of in-plane deformation is allowed. The 
elements do not suffer from transverse shear locking, nor do they have any unconstrained 
hourglass modes. With the exception of the small-strain elements, all of these elements 
consider finite membrane strains. No hourglass control is required in the bending and 
membrane response of the fuUy integrated shell element. The membrane kinematics of 
the elements is based on an assumed-strain formulation that provides accurate solutions 
for in-plane bending behaviour. These elements are well suited for many impact 
dynamics problems, including structures undergoing large-scale buckling behaviour, 
which involves smaU-strains but large rotations and severe bending. These elements use 
simplified methods for strain calculation and hourglass control and offer significant 
advantages in computational speed. 
10 
On the other hand, membrane elements are sheets in space that can carry membrane force 
but do not have any bending or transverse shear stiffness, so that the only nonzero stress 
components in the membrane are those components parallel to the middle surface of the 
membrane. In other words, the membrane is in a state of plane stress. 
The FE method is a very powerful tool due to its versatility. The structure that needs to be 
analysed can have arbitrary loads, supports and shape. The FE method includes matrix 
manipulations, numerical integration, equation solving, and other processes that are 
carried out automatically by commercial software (Cook, 1995). The user mainly deals 
with pre-processing, which includes: describing loads, supports and materials, as well as 
generating the FE mesh. The user also deals with post-processing, which includes: sorting 
out, listing and plotting the results. It is very easy to make mistakes in describing a 
problem to the computer program and therefore the user should be competent in 
mathematical modelling and have a good understanding of the problem at hand. This is 
necessary so that any problems that may occur can be detected and fixed without any real 
difficulty. 
2.2 Stents 
A stent is a small, smooth, metallic tubular mesh, which is used to support arterial walls 
to minimize the blockage of arteries due to plaque (Etave et al., 2001 and Migliavacca et 
al., 2002). A typical stent is shown in crimped and deployed form in Figure 2.3. The stent 
is necessary to restore blood flow perfusion to downstream tissues (Migliavacca et al., 
2002). Dotter (1969) described the first implanted stent that was used to treat arterial 
shrinkage. In later years stents were used as a replacement for balloon-angioplasty, due to 
the many limitations of this technique. The use of stents is not without problems, 
however, and there are several difficulties: migrations, clot formations, collapses and 
positioning are some of the serious issues (Migliavacca et aI., 2002). 
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Figure 2.3 Typical sten! in crimped and deployed shape (DlSA Vascular photo archive) 
According to Etave ef al. (200 I) at least 38 different types of stents were already 
available in Europe. Four of these are self-expanding and the other thirty-four are 
balloon-expandable. These stents also vary in renns of mechanical properties. depending 
on their design, material and the technology used. Dumoulin e( al. (2000) distinguish 
between the following stents: mesh and mono-filament metallic balloon-expandable 
stents, which are expanded by the inflation of an angioplasty balloon; elastic and memory 
sel f-expandable stents, expanded by intrinsic force; si I icone; and biodegradable devices. 
Practically the balloon-expandable stenl is crimped onto a balloon, which is then attached 
to a catheter. This device is then advanced through the arteries to the site of blockage. 
Once it is in position, the stent is deployed by il10ating the balloon. Its plastically 
deformable mesh mainl.3ins the same dimension as the inOated balloon, so that the stent 
is left to support the damaged arterial wall after the balloon has been deflated and the 
delivery system removed. The deployment process c.aJ\ be seen in Figure 2.4. When 
deployed, the stenl's final diameter could be more than four times lhe initial one 
(Dumoulin ef oJ .. 2002). 
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Figure 2.4 Stent deployment process (www.lu-tech.com/cs/htm) 
2 . .3 Steo ts and Finite Element Modelling 
The paper by Prendergast e/ al. (2003) outlined six different issues with respect to the 
design of stenls: 
I. Sufficient rigidity to resist compressive forces from the vessel wall 
2. Slent must be able to support and hold open the vessel and scaffold the plaque 
3. Minimal longitudinal contraction when expanded 
4. Minimal shearing between the stent and the tissue 
5. Flexibility to navigate Lortuous vessels 
6. Minimal activation oflhe re-stenosis mechanism 
It is very difficult 1.0 meet all these issues in any stent design. To try and implement as 
many of these issues as possible, a rapid investigation method has 10 be used to 
investigate design concepts prior to clinical trials. The mechanical characteristics of 
stents vary significantly and it is impossible to determine them from first principles or by 
extrapolation (Etave et al., 2001). Therefore the fmite element method (FEM) provides 
one possible answer to this problem and can be used to determine mechanical properties, 
and by doing this help with other issues concerning the design of stents. 
According to Tan et al. (2001), two approaches could be taken when studying the 
mechanical characteristics of different stent designs. Firstly, direct mechanical 
measurements could be made on the individual stents. Typically one could take different 
stent sizes and expand them to different diameters, according to the size of the simulated 
diseased artery. Each artery would exhibit different characteristics, namely: angulations, 
compressibility of lesions, and contractibility or spasm of the vessel wall. This kind of 
study is very expensive and almost unachievable. Therefore, studies by computer analysis 
employing the finite element method (FEM) would seem to be the logical alternative. 
Simulations could be carried out to understand the response of different stents under 
different conditions. The results could be verified with targeted experimental 
measurements of the mechanical behaviour of stents. This method would be cheaper and 
definitely achievable. 
In studies conducted to date, it can be seen that the FEM has been applied to different 
aspects of stent design. It has been used to investigate mechanical properties of balloon-
expandable stents (Migliavacca et al., 2002 and Dumoulin et al., 2000) and in particular 
to address the deformation characteristics and stress distribution over the stent (Chua et 
al., 2003). It has also been used to measure stent shortening on expansion and to measure 
the degree of elastic recoil as a function of expansion diameter (Prendergast et al., 2003). 
Tan et al. (2001) and Etave et al. (2001) used the FEM technique to compare the 
performance of two different types of stents. 
Rogers et al. (1999) described how the FEM technique was used to model balloon-artery 
contact stresses and to show how the stent strut geometry, balloon compliance and 
inflation pressure affects these stresses. Finally Prendergast et al. (2003) used FEM to 
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model the blood vessel/stent interaction. Three types of finite element packages were 
used, namely: ANSYS Version 5.5 (Canonsburg, PA, USA), ABAQUS (Hibbit Karlsson 
& Sorenses, Inc., Pawtucket, RJ, USA) and Autonomic Dynamic Incremental Nonlinear 
Analysis (ADINA 7.0, ADINA R&D, Inc.) 
Balloon modelling has really been neglected in most modelling of balloon-expandable 
stents, due to the difficulty of modelling the balloon in its crimped form. When pressure 
is applied to the inner surface of the balloon, it will start to unfold, creating friction 
between the surfaces of the balloon due to its surfaces sliding over one another. The 
inflation pressure, transmitted through the balloon membrane is locally uniform, but its 
direction follows the deformed stent and its magnitude depends on the balloon 
compliance (Dumoulin et al., 2000). This and the interaction between the balloon and the 
stent are very difficult to model and therefore only very simple balloon models have been 
created in the past. 
From what was said in the previous paragraph it could be seen that the FEM has a 
number of different applications concerning the design and development of stents and in 
particular balloon-expandable stents. The rest of this review focuses on these previous 
studies to give a clearer understanding of exactly how this technique was used to aid with 
stent development. 
2.3.1 Geometrical Model 
StentModel 
Different types of stents have been modelled, and thus different geometrical models were 
created to model these stents. Chua et al. (2003) used the ANSYS Finite Element 
package to design the geometric model of the balloon-expandable stent with an outer 
diameter of 3 mm, inner diameter of 2.9 mm and length of 10 mm. The stent model 
consisted of 66 slots or cells, which were equally spaced throughout the entire length of 
the model. ABAQUS was used to create a 3D FE model of a typical diamond shaped 
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stent (palmaz-Schatzl ). It was assumed to be a tube with rectangular slots on its surface, 
5 in the longitudinal direction and 12 in the circumferential direction. The stent has a 
length of 16 mm, outer diameter of 1.2 mm and wall thickness of 0.1 mm. The slot length 
and stent thickness were varied to see what influence changes to the mechanical 
parameters would have on the physical performance of the stent. The stent performance 
was evaluated in terms of radial recoil, longitudinal recoil, foreshortening and dogboning. 
Due the circumferential symmetry of the stent, only one-twelfth of the stent was 
modelled and because of the presence of longitudinal symmetry it was possible to model 
and study only half of the length of the stent. Prendergast et al. (2003) also used ANSYS 
to model the stent and the arterial tissue surrounding the stent when deployed. The ideal 
case of a cylindrical vessel was assumed for simplification of the problem. 
Tan et al. (2001) and Etave et al. (2001) used FEM to model two different stent 
configurations. This was done to investigate and compare the structural behaviour of the 
two different stent geometries. The first of the two stents modelled was a typical tubular 
stent namely: Palmaz-Schatzl and the second was a typical coil stent namely: Freedom2• 
Etave et al. (2001) used the ABAQUS software to model both of these geometries. Two 
tubular stent models were created; the first model consisted of a slotted tube, 8 mm in 
length. It was made up of six identical units, each comprising of two openwork struts and 
two solid metal struts. 
The second model had the same overall geometry, but its struts were twice the size. The 
coil stent was modelled in the form of a helical round wire. Two different coil stent 
models were created, the only difference between the two being that the second had a 
height twice that of the first. Two models of each stent geometry were created to 
investigate the impact of changing parameters on the stent's mechanical properties. 
I Iohnson & Iohnson Interventional System, Warren, NI. 
1 Global Therapeutics Inc., Broomfield, CO, USA. 
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Balloon model 
Chua et al. (2003) used the ANSYS finite element package to design the geometric 
model of the ba]]oon with an outer diameter of 2.9 mm. It had a wa]] thickness of 
approximately 0.1 mm. Oh et al. (1994) used the ABAQUS finite element software to 
model the ba]]oon used for Ba]]oon Angioplasty3. Since the ba]]oon is crimped in the 
same way as that of the ba]]oon-expandable stent's ba]]oon, and wiH respond in the same 
way when pressure is appJied to its inner surface, it is worthwhile to see how this ba]]oon 
was mode]]ed. Rogers et al. (1999) also used the ANSYS package to create a 2-
dimensional FEA model of the ba]]oon. The ba]]oon was assumed to have no thickness 
and the contact between the ba]]oon, artery and stent was assumed to be frictionless. 
Another assumption was made: no other substances, such as blood, were present between 
the ba]]oon and arterial wal1. From what can be gleaned from the literature, the ba]]oons 
were a]] mode]]ed as a simple cylinder, which had a sma]] diameter when crimped, and 
. then expanded to a bigger diameter when inflated. As mentioned above, this is not a true 
reflection of the ba]]oon shape when crimped; it is actua]]y folded, so that its surfaces 
fold over one another. This special folding technique is later explained in detail in 
Section 3.2. 
2.3.2 Material Model 
Stent Material 
Chua et al. (2003) used a bi-linear elasto-plastic material model, with stainless steel 304, 
to represent the material properties of the stent. Migliavacca et al. (2002) on the other 
hand, used stainless steel 316LN. A Von Mises-HiH plasticity model, with isotropic 
hardening, was used to describe the inelastic constitutive response of the materia1. 
3 Balloon Angioplasty is the process in which an inflatable balloon, mounted on the tip of a flexible catheter, is placed 
within the lumen ofthe obstructed vessel, under X-ray control. On inflation ofthe balloon, the lumen is reopened. 
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Stainless steel 316LN was also used in the study done by Etave et al. (2001) and 
Dumoulin et al. (2000). The material properties of both these materials can be seen in 
Table 2.1. 
Table 2.1 Material properties of two types of stainless steel 
Material property Stainless steel 304 Stainless steel 316LN 
Young'modulus 193 GPa 196 GPa 
Shear modulus 75xlO° MPa 
Tangent modulus 692MPa 670MPa 
Density 7.86xlO-o kglmm j 7.85xlO-o kglmm j 
Yield strength 207 MPa 205 MPa 
Poisson's ratio 0.27 0.3 
Balloon Material 
Two types of materials are currently used to manufacture balloons, namely: Nylon and 
polyester or polyethylene terephthalate (PET). Nylon ba]]oons are softer than PET 
balloons, but are not as strong. Due to this characteristic, the nylon balloon has to have a 
thicker wall and will thus have a larger profile. A comparison between PET and Nylon 
balloons can be seen in Table 2.2. 
Table 2.2 Comparison of two High-Pressure Balloons 
Materials Tensile Strength Compliance Stiffness Profile Max. Rated Pressure 
ATM PSI 
PET High - Very High Low - Medium High Low 20 294 
Nylon Medium - High Medium Medium Low- Medium 16 235 
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Chua et aZ. (2003) used a polyurethane rubber type material to represent the balloon. A 
hypereiastic material model in ANSYS was chosen to represent the balloon. Two 
Moonley-Rivlin model constants were derived and used: C(lO) = 0.10688IxlO·2 and 
C(O I) = O. 710918x 10-3• The density of polyurethane rubber was taken as 1.07x I 0-6 
kg/mm3 and the Poisson's ratio as 0.495. As mentioned above, Oh et aZ. (1994) modelled 
the Balloon Angioplasty balloon. The non-linear solution option in the ABAQUS 
software package was used to create the material properties for the balloon. A non-linear 
hyper-elastic material was assumed to model the stent. Rogers et aZ. (1998) made use of a 
strain-stress measurement instrument (Instron), with a 50 kg load, to measure the 
Young's modulus of balloon materials. The Young's modulus was 2.58x104 kPa for a 
compliant balloon and 7.03x105 kPa for a semi-compliant balloon. It is very difficult to 
measure the Young's modulus of the non-compliant balloon and therefore a value was 
estimated on the basis of its material properties. For the FEA, three values, within the 
normal range, were chosen for low-compliant, semi-compliant and compliant balloons. 
These values were J.38x106 kPa, 6.9x105 kPa, and 3.45x105 kPa respectively. A 
Poisson's ratio of 0.3 was chosen for all three types of balloon. Dumoulin et al. (2000) 
assumed the stent material to be elastic and perfectly plastic. 
2.3.3 Boundary Conditions 
Symmetry conditions made it possible for simplification of some of the models. Chua et 
al. (2003) only modelled a quarter of the stent and balloon. Symmetric boundary 
conditions were imposed on the nodes in the planes of symmetry. Nodes were not 
allowed to move in the direction perpendicular to the plane of symmetry. The ends of the 
stent were unconstrained, to be able to observe its expansion and shortening behaviour. 
The balloon was assumed to be fuJly tethered at both ends, so that expansion in the radial 
direction was the only movement aJlowed. An autonomic surface-to-surface algorithm 
approach was used to cope with the non-linear contact problem between the surfaces of 
the stent and balloon. Migliavacca et aZ. (2002) only modelled one-twelfth of the stent in 
the circumferential direction and half of the length due to symmetry. Similarly to Chua et 
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al. (2003), nodes on the symmetry plane were fixed in the direction normal to the 
symmetry plane. Etave et al. (2001) applied boundary conditions to the model that 
corresponded to radial shifts. The shifts were made on all the nodes of the coil stent 
model and only on specific ones for the tubular stent model so as to limit flexion effects. 
Both of these models were piloted with such shifts to calculate what forces arose from 
these changes. 
2.3.4 Mesbing 
Meshing the model is a very important step in the FEM process. It is important to get the 
correct balance between a fine and a coarse mesh. Typically you want to have a finer 
mesh in the areas of interest and high stress concentration. A fme mesh is unnecessary in 
the areas with low stress concentrations and will only increase the computational time; 
therefore a coarse mesh is ideal for these areas. Different approaches have been taken in 
previous studies, and in the following paragraphs I try to outline these approaches and see 
if there is any comparison between them. 
StentMesb 
Chau et al. (2003) meshed the stent model with tetrahedral, reduced integration elements. 
It comprised of 7,881 elements and 3,473 nodes. The models created by Migliavacca et 
al. (2002) and Chua et al. (2002) were meshed with eight-node explicit solid brick 
elements that were fully integrated. Migliavacca et al. (2002) used the commercial code 
GAMBITs to automatically generate a mesh for the model. It comprised of 3,840 brick 
elements and 6,560 nodes. The model by Chua el al. (2002) consisted of 9,504 elements, 
discretized by 200 elements along its length, 88 elements in circumference and one 
element in thickness. 
5 Fluent Inc., Lebanon, NH, USA. 
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Etave et al. (2001) made use of Visual Basic software6 to program all the nodes an<;l their 
coordinates, since the specific version of ABAQUS used did not have automatic grid 
generation. Quadratic continuum elements in two or three dimensions were used to mesh 
the model, which Dumoulin et al. (2000) investigated. It was done in two or three 
dimensions depending on the case they investigated. 
Balloon Mesh 
The balloon model created by Chua et al. (2003) was meshed using eight-node three 
dimensional explicit dynamic solid brick elements. The model consisted of a total of 
2400 elements. It was discretized by 60 elements along its length and 40 elements in 
circumference with 1 element in thickness. On the other hand, Rogers et al. (1999) used 
two-node isobeam plane-strain elements to mesh the model. 
2.3.5 Loading and Solution 
Different approaches have been taken to simulate the loading of the stent and balloon. 
The following section outlines these approaches and the differences between them. 
Chua et al. (2003) applied a uniform pressure load to the inner surface of the balloon. 
This caused the balloon and the stent to expand radially. The pressure increased 
constantly from 0 to 0.409 MPa at a constant rate for 1.635 ms. Figure 2.5 illustrates the 
loading curve. The balloon was loaded until the stent reached its failure stress at the 
maximum diameter, passing its elastic limit in the process. According to Chua et al. 
(2003), using ramp loading at a sufficiently low rate provides the opportunity to find the 
relationship of pressure level to ultimate tensile strength of the stent material. This is due 
to the fact that at a slow loading rate, there is small kinetic energy and small oscillations. 












Simulation TIme (Msec) 
Figure 2.5 Loading curve (Chua et ai., 2003) 
1.5 2: 
Different damping coefficients were used to try and keep the dynamic effects to a 
minimum. In the end a damping coefficient of 10 was found to give the best results. To 
try and reduce the computational time, a short simulation time was chosen for this 
analysis. The time chosen was a lot less than the actual time for stent deployment, but the 
kinetic energy was checked throughout to ensure that it was negligible compared to the 
internal energy. Chua et al. (2002), Rogers et al. (1999) and Oh et al. (1994) also applied 
pressure to the inner surface of the balloon. According to the paper by Chua et al. (2002), 
two cases were investigated. In the first case, the stent was subjected to uniform internal 
pressure at a rate of 400 MPa/ms and in the second case the rate was changed to 11.3 
MPa/ms. Rogers et al. (1999) used a deployment pressure of 0.8106 MPa to inflate the 
balloon. 
Migliavacca et al. (2002) organised their simulations in three levels. First a uniform 
linearly increasing radial pressure was applied to the inner surface of the stent to simulate 
the free expansion of the stent. This pressure was applied until a 2 mm radius was 
reached in the central region. The pressure and distal radius were now calculated. Next, 
the model was loaded by an internal uniform radial pressure to investigate the behaviour 
of the stent up to a diameter of 3 mm. This corresponds to the typical diameter of a 
coronary vessel. At this stage the pressure, longitudinal length and distal radius were 
calculated. Finally, a simulation was performed to check the mechanical properties of the 
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stent after load removal. The pressure was thus decreased until zero. Again, the pressure, 
longitudinal length and distal radius were calculated. 
Etave et aZ. (200 I) ran three different simulations to model three stents with different 
deployment diameters. One of their main concerns was to find the pressure required for 
stent deployment. To try and calculate this pressure and other mechanical properties of 
the stent the following simulations were done: 
• Each of the stent's nodes was subjected to a positive radial displacement. This 
was done to model stent deployment. Eight different calculations were performed 
in modelling the stent from its crimped position to a variety of deployment 
diameters. 
• Stent compression was modelled by submitting each of the nodes of the various 
deployed stents to a negative radial displacement. Four different calculations were 
performed. 
• Conformability was modelled by positioning the stent on two supports, with a 
negative radial force applied to the opposite generatrix. 
Dumoulin et aZ. (2000) considered an infinite prosthesis under uniform radial internal 
pressure. This approach, together with loading symmetries and periodic boundary 
conditions, allowed investigation on a generic part of the model. Two types of analysis 
were performed (Figure 2.6). Firstly, internal pressure was applied to the inner surface ot 
the three-dimensional curved cells of the stent model. They found that during expansion 
of the stent the circumferential stresses were greater than the radial stresses. This allowed 
them to consider the same cells, but unrolled on a plane. These cells were deployed by a 
prescribed displacement under plane stress assumptions. 
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CONe cell Three ctlmCI'1~iOMI mcdel 
Fieure 2.6 Three- and two-dimensional sten\ models (Dumoulin el 01. (2000) 
Tan el oj. (200 J), showed the following responses of the stenl to the load ing by the 
balloon: 
• Extension ofthe stent loop due to the change in radius of the balloon 
• Extension of the sterH loop due to the shape change oCthe parabola, of which it is 
made 
• Rotation about the plastic hi.nge to accommodate the above mentioned changes 
2..3.6 Modelliog Parametel'8 
Chua el 0/. (2003) tried to determine the maximum radial displacement of the stent by 
radially expanding the model until the onset of plaslic defonnation was observed and (he 
u Itimale tensile SLrength reached. The values for radial disp[acemenl were measured by 
taking the displacement values of the nodes in the radial direction. El..lve el al. (2001) 
stud ied seven mechan ical properties of the balloon-expandable stent model: 
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• The pressure needed for full stent deployment, meaning the pressure needed to 
achieve plastic deformation 
• The intrinsic elastic recoil, thus the amount of reduction in diameter after the 
balloon has been deflated 
• The resistance of the stent to external forces 
• The amount of stent foreshortening due to expansion in the radial direction 
• The stent flexibility by calculating the stent stiffness. The stiffness was calculated 
by dividing the force required for stent deployment by the maximum radial 
displacement 
• Stress and strain in the stent after deployment 
Rogers et al. (1998) performed a study with FEA to investigate the effects of distance 
between strent struts, balloon and stent material properties and balloon inflation pressures 
on the balloon-artery surface stress and contact area. Dumoulin et al. (2000) focused on 
the following cases: the plastic limit load, assuming small displacements and strains; the 
linear buckling limit, assuming elastic material behaviour and small displacements; non-
linear analysis; post-buckling analysis; elastic-plastic collapse analysis; and lastly the 
measurement of sensitivity of critical load to geometric imperfections. 
2.3.7 Results and Discussion 
Chua et al. (2003) found that the development of stress in their model closely resembles 
the bi-Iinear stress-strain relationship of the stent material, which indicates that the 
solution is reliable. What was evident however was the fact that the stress development 
was fairly unstable at the beginning of the simulation. After a time of 0.251 ms, the yield 
point was reached and the stress began to stabilise. Chua et al. (2003) also found that the 
deployment of the stent and balloon is a volume-controlled process. This can be seen 
from the fact that during the initial inflation of the balloon there is almost no dilatation of 
the stent diameter. This phenomenon occurs until the pressure reaches approximately 
0.06 MPa, from where the balloon starts to bulge at its ends. As the pressure increases the 
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forces are transmitted towards the centre of the balloon which distribules the force 
throughout the whole model. According to Chua el ai. (2003) lhis is a direct result of the 
difference in material propenies between the balloon and stent and the resistance of the 
stent. When the pressure increases sufficiently, the reaction force of the stent is no longer 
able to hold the balloon down and the balloon starts to expand towards ils central part and 
now dilates the diameter of the stent. Chua el al. (2003) found that the stress was 
typically high in some areas. It was found that the stress al the comers of the cells and in 
the middle of the cells was high. This can clearly be seen in Figure 2.7 and can be 
explained by the fact that the struts of the stent are being pulled apart as it dilales . 
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Figure 2.7 Stress distribution on stent model (Chua el aI., 2002) 
As the stent expands it goes through a slage of elastic deformation and then eventually it 
is plastically deformed into its new shape. A common problem in stent deploymenl is the 
foreshortening at the edge of the stent. Chua el aL (2003) found that foreshortening 
happens in three phases. It starts off very slowly, while the stent is wailing for the balloon 
to make good conLaCL In the second stage the foreshortening happens a linle bit faster, 
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and in the third stage it picks up very quickly due to the rapid expansion in the radial 
direction. The development of foreshortening can clearly be seen in Fig. 2.8. Another 
interesting phenomenon that was observed was that there was no contact between the end 
of the stent and the balloon at maximum pressure. Migliavacca ef af. (2002) defined a 
metal-to-artery index (ap J av) (Figure 2.8). It was found that this factor influenced the 
pressure requ i red to expand the balloon. For example, if ap J a.v = 0.2, then 0.12 tvCPa is 
enough to expand the slent, but when Op J ov = 1.46, then 0.57 MPa is only enough to 
start the expansion process and another 0.34 MPa is needed to complete the expansion of 
the sten!. Another common effect, which happens during the stent expansion, is the so-
called dogboning effect (Migliavacca et al., 2002 and Tan el aI., 2000). Doghoning 
happens when there is stronger expansion of the stem at its distal ends (han in the central 
region. Migliavacca. e! of. (2002) looked at changing some of the crucial parameters of 
the stent to try and see if this would have a sign I ficant influence on effects I ike dogboning 
and foreshortening of the stenL When a.p j av was increased, the foreshortening and 
dogboning increased, while the radial and longitudinal recoil decreased. When the 
thickness s was increased, it was found that the foreshonening, dogboning and 
longjrudinal recoil all increased. An increase in slot length increased the radial recoil, but 
did not have any real effects on the other quantities. 
'Figure 2.8 F'oreshorterting of stent (Ourooulin eJ n/.. 2000) 
Chua el 01. (2002) showed that stresses in the stent developed al a raster rate during the 
tirst millimetre of radial expansion, regardless of the pressure rates applied. ft was also 
found thaL foreshortening of the stenl occurS at a slower rate than the radial displacement) 
but thaL at lhe maximum pressure they were almost equal in value. The speed of pressure 
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application was also found to have a direct effect on the foreshortening of the stent during 
expansion, i.e. the faster the speed of pressure application the greater the foreshortening. 
According to Tan et 01. (2001), the stent becomes stiffer as the number of convolutes 
making up the stent increases, meaning that higher pressures are required to deploy the 
stent as the number of convolutes is increased. It was also found that an increase of stent 
wire diameter and foundation elastic modulus increases the deployment pressure 
considerably. Etave et 01. (2001) found that the deployment pressure required for a 
tubular stent is almost 3 times as much as that for the coil stent. The stent strut thickness 
was also found to have a large influence on the deployment pressure, the thicker the struts 
the higher the pressure required to deploy the stent. The thickness also had a significant 
influence on the stent stiffuess. After the deflation of the balloon, there was definite 
elastic recoil and thus shrinkage in the diameter of the deployed stent (Etave et 01., 2001 
and Dumoulin et 01., 2000). It was also shown that the degree of foreshortening increased 
with an increase of the deployment diameter. 
The papers by Etave et 01. (2001) and Dumoulin et of. (2000) showed the mechanical role 
of the balloon in the stent deployment process. The pressure required to deform the 
balloon was shown to be the difference between the external and internal pressures 
(Etave et 01., 2001). The balloon's linear compliance curve was used to relate these 
pressures with the relative balloon diameters. The balloon manufacturers defme this 
pressure as the nominal balloon inflation pressure (NBP). Once the stent is mounted onto 
the balloon the external force on the balloon is no longer zero. The total inflation pressure 
of the balloon now becomes the nominal inflation pressure plus the pressure required to 
deploy the stent. As shown earlier, this pressure depends on a number of factors, which 
include the stent strut thickness and mechanical properties of the stent and balloon. 
Dumoulin et of. (2000) used a slightly different approach. They assumed that the balloon 
is subjected to pressure exerted by the internal fluid (Pi) on the open surface (8i), pressure 
exerted by the stent (Ps) on the covered area (8s) and external pressure (Pe) on the tube's 
exterior (8e = 8i + 8s) while at equilibrium. The following equation was used to describe 
the energy balance in the balloon: 
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(2.18) 
where U is the displacement on surface Sand 
(2.19) 
is the energy accumulated during wall deformation. If the balloon is assumed to be 
uniformly deformed, and if the wall stays thin and soft and displacement is kept to a 
minimum, then the external pressure can be estimated by looking at the ratio between 
surfaces in contact. The study by Rogers et aZ. (1998) also showed that small alterations 
in inflation pressure, stent design or balloon material could have major effects on the 
balloon-artery contact and stress applied to the arterial wall by the balloon. FEA was used 
to determine this stress in the arterial wall. Interstrut distance and balloon pressure and 
compliance were used as input variables. By changing these variables it was clear that 
increasing the geometric complexity of the stent design or increasing the number of struts 
would reduce the surface-contact stress. When the inter strut distance and balloon 
compliance was kept constant, the surface-contact stress grew in a non-linear fashion as 
the pressure in the balloon increased. With an increase in balloon compliance the surface-
contact stress and contact area increased and visa versa. As mentioned earlier, Dumoulin 
et aZ. (2000) studied the sensitivity of the critical load to geometric imperfections. A point 
load was added to the radial pressure, which was applied to the inside of the stent, by the 
balloon. This load involved a displacement equal to the stent wall thickness. This added 
load suggested that the stent is not very sensitive to imperfections. 
2.4 Study Limitations 
From all the papers studied it is clear that there are still a lot of limitations and 
shortcomings when using FEM as a tool to solve issues concerning stent design. The 
FEM process does use a theoretical model, which means there are definite limitations 
which come with this type of analysis. Due to the complexity of modelling the balloon 
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and stent, various assumptions have been made along the road to simplify the models and 
to decrease computation times. 
Chua et 01. (2003) and Migliavacca et 01. (2002) did not model the interaction between 
the balloon and stent, but rather applied a uniform pressure directly to the inside surface 
of the balloon. In reality the stent is actuaJIy crimped onto the balloon before the 
deployment process. To actually represent the model, the crimping process will also have 
to be modelled. The results obtained from the simulations were simply validated by 
standard general checks with smooth load development, smooth continuity of contour 
lines and similarity of stress-strain plots of the structure against its material property data 
(Chua et 01.,2003). In the study done by Etave et 01. (2001) a balloon model was used to 
simulate the actual baJJoon, but to simplify the model, perfectly radial and homogeneous 
balloon deployment was assumed. The model ignored friction between the baJloon, stent 
and arterial wall. The analysis should also include an appropriate model for the arterial 
vessel and atherosclerotic plaque, so that a simulation of the interaction between these 
elements and the stent can be run during deployment (MigJiavacca et 01., 2002). 
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CHAPTER THREE 
FINITE ELEMENT MODELS 
The first task was to create a model for both the balloon and stent, which was similar to 
the actual balloon and stent. The ABAQUS finite element packa~e (Hibbit Karlsson & 
Sorenses, Inc., Pawtucket, RI, USA) would be used to create these models. The models 
could not be an exact presentation of reality due to computational restraints. The models 
had to be simplified in order to decrease computational time, cost and difficulty in 
modelling. However, these simplifications could not be done at random and had to be 
well thought out and judged, so that the model would react in the same way as the real 
system. 
3.1 Test Model 
Initially the possible modelling of this type of application was tested with a very simple 
model. A simple 3-D structure was created within ABAQUS. The balloon was modelled 
as a cylindrical surface with a few kinks in it and the stent as an octagon. Only half a 
model was simulated with axi-symmetric boundary conditions imposed on the side of the 
model. The stent's outer diameter was larger than the balloon's and the two were then 
assembled. Two different material properties were chosen, the one for the stent being 
significantly stiffer than the balloon's. Pressure was then applied to the inner surface of 
the balloon, to see if the balloon would open and push the stent outwards. This was done 
successfully and the real system could now be modelled. The assembled model is shown 
in Figure 3.1. 
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BaliooJ'l 
Figure 3.1 Test model assembly 
3.2 Bollooo Model 
The physical balloon is folded in such a way that its outside diameter decreases from [0 
mm in its unfolded stale, [0 more or less I rom when folded. This is necessary to allow 
the catheter, with the balloon and stent crimped onlo i[, [0 enter into an artery with ease. 
To create the actual geometry of the folded balloon is a difficult task, but this is crucial in 
order to model the balloon correctly. The way the folding is currently done is with a 
special tri-folding method, where the balloon is folded in such a way !.hat it has 3 flaps, 
which are folded around one another to create the correct geometry (Figure 3.2). In actual 
fact it is very d ifficu I t to pred ict the exact shape of the balloon in fo Ided form. The 
presence of air gaps and the amount of overlap seriously influence the geometry. 
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Folded balloon 
l.nner lumen of 
catheter 
figure 3.3 Microscope images of resin caSt balloon 
3.2.2 Plain Cross-section 
Peripheral balloons are generally stiffer than the cardiac ones, and therefore a plain 
folded balloon could be sectioned and studied under the microscope. The same set of 
digital photographs was taken, which could be used to acquire the true geometry of the 
balloon (Figure 3.4). The geometry was more complex than initially anticipated and had 
to be simplified. The followir)g measurements were taken and could be used to create a 
smooLh banoon geometry: 
• Outside diameter 
• Lumen outsjde diameter 
• Air gap between each overlappi:1g portion of the wings 
• Wall thickness of the balloon 
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To verify these measurements /) piece of the actual balloon was taken and the wall 
thickness was measured with a micrometer. This thickness compared well with the 
thickness obtained from the microscopic images and so the measurements could Ihus be 
assumed as accurate. The wall thickness was laken as 60 ).Lm. A S ll'"{'l pi itied balloon 
ge{)metry could now be created for the ABAQUS flnite element model. 
Folded balloon 
Inner lumen 
Figure 3.4 Plain CfOSS sectIon of folded balloon 
Initially this was done with /) drawing board and compasses. A set of curves and hal f 
circles, which were connected, was used to create the shape of the folded balloon. These 
curves could then be used to generate a set of mathematical equations that described the 
balloon ge{)merry. The drawing was broken up into small pieces or a set of variables and 
each one named. These consisted of large and small arc lengths, large and small radii and 
a number of angJes. The set of equations was then described in terms of these unique 
variables. The folded balloon consists of three balloon folds as described above, meaning 
that only one third of the balloon had to be drawn and the same values could be assumed 
for the other two thirds. The initial drawing withoul any named variables is shown in 
Figure 3.5. 
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Figure 3.5 Initial folded balloon drawing 
The drawing was done 8S the mid-plane surface of the balloon, meaning that the actual 
wall oflhe balloon was not drawn, but instead a line midway between the thickness of the 
balloon wall. The first variable lhat was described was: 
I=o+b (3.1 ) 
where a and b are the air gap and balloon wall thickness, respectively, meaning that twas 
the gap between each of the mid-plane lines of the balloon. The radius of the bends thai 




Figure 3.6 clearly shows the location of both rand 1. 
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(3.2) 
Figure 3.6 First section of the balloon drawing 
Next alllhe angles in the drawing were described in terms of the radii and the variable t: 
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Figure 3.7 Second section ofLhe balloon drawing 
Figure 3.8 Third section of the balloon drawing 
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Two sets of equations were generated for the arcs making up the bulk of the drawing, one 














and the lengths of the small arcs as: 
(3.29) 
(3.30) 
L3 = (r +t)(7r -¢) (3.31) 
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All the radii of the curves were defined next. The inner line of the balloon was at a 
radius: 
1 1 
R, ~ -(IumenOD)+a+- b 
2 2 
(3.40) 
where half of the lumen's outside diameter was added to a and b, the air gap and wall 
thickness of the balloon, respectively. The rest of the radii seen in Figures 3.9 and 3.10 
were then calculated by adding half of the I value each time. All of these equations could 
now be used to calculate the angle (J , which determines the amount of overlap of the 
outer fold of the balloon, as seen in Figure 3.7. The angle (J can be described by the 
follwing equation: 
f) _ n:D - S, - S, - S, - S, - S, - 6L, - 3L, - 3L, - 3£, - 3L, - 3£, - 3L, - 3L, - 31., - 3L" - 3L" 
- (3R,,+ 3R,,) 
(3.41 ) 
where 0 is the diameter of the inflated balloon. With this set of mathematical equations, 
the desired inflated diameter of the balloon, the air gap between the balloon folds and the 
wall thickness of the balloon can be altered. They will then calculate all the values 
needed to draw up the correct balloon geometry for the specific set of variables. 
Figure 3.10Fifth section of the baJloon drawing 
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Eventually tllis gave the final folded balloon geometry that oould now be used to ereale 
the model in the finite element package. The final gwmetry is sllown in Figure 3.11. 
Inner lumen 
Wing 
Figue 3.11 Final geometry offolded balloon 
ABAQUSlCAE was now used 10 create the balloon model. Firstly, the 2..dimens ion~1 
balloon geometry was created. With the sketch function a drawing of the folded balloon 
was made, since all the distances for the curves were known. One thing thai has to be 
kept in mind is that ABAQUS works with lhc mid-plane values. a~ described in Section 
2. L This meant that line calculations had to be done to draw the balloon surfaces at half 
the wall thickness. A 3-D dcfonnablc extrusion membraAe dement was cllosen as base, 
wocrc the extrusion dcplh was equal to the Ieflgth of the balloon. Figure 3. 12 shows thc 
extruded balloon model. The balloon has an inside diameter of U mm. an outside 
dimnete. o f 1.94 mm and a k:ngth of20.72 mm. 
The actual balloon tapers olTtowards il' furthest extremities. where it is fixed to the inncr 
lumen (Figure 3. 13). To model thi s tape. would be e~lremely difficult. since it would be 
almost impossiblc \0 predict and model lhe geometry o f lhe tapered pieces. The problem 
is created by the faci thai lhe balloon IwislS as il tapers. The ballorn-J has a part Ihal is nOI 
tapered before the part where thc Slcnl sits. This part is more or less the same length as 
the tapered part. It was thus assumed that the role of the tapered parts in the deployment 
of the stent would be negli gible and therefore the tapers were left out in the baltoon 
model. 
Figure 3.12 Section of the balloon model within ABAQUS 
These balloons are made from ATOffNA RILSAN Nylon II (ClearStream Technologies 
Ltd., Moyne Upper, Enniscorthy, Co. Wexford, Ireland). The complete material 
properties of Nylon II are shown in Appendix B. One of the main problems in numerical 
modelling is obtaining appropriate material properties, 10 accurately model the actual 
material behaviour. This is especially important for the balloon properties, since the 
balloon would undergo large strains and defonnations. DISA Vascular could not supply 
the actual properties of the balloon and the manufacturer of these balloons was hesitant in 
providing this infonnation to a student. The following properties were obtained from the 
literature: 
• Young's Modulus: 
• Density: 
• Poisson's ratio: 
1.2 x 10'Pa 
1.04 x 10" kgimm' 
0.4 
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By calculating the Young's Modulus from experimental data, the validity of these values 
was tested. The wall thickness, inflation pressure, % elongation and the nominal diameter 





where (J and E are the internal stress and % elongation, respectively. This equation can 
now be rewritten as follows, 
(3.43) 
where P, D and t are the inflation pressure, nominal diameter and wall thickness, 
respectively. These values were used in equation 3.43 and the Young's Modulus 
calculated as 1.1 x 109 Pa, which closely correlates with the given value. These values 
were thus taken as sufficient to represent the Nylon 11 used for these balloons. 
Next, this material had to be assigned to the 3-D model as a membrane shell section with 
a wall thickness of 0.06 mm. The reason for using membrane shell elements was that the 
balloon's bending stiffuess was assumed to be negligible in comparison with its own 
membrane stiffuess and the bending stiffness of the stent. The model then had to be 
meshed. It is difficult to know when a mesh is fine or coarse enough and that a specific 
mesh density will deliver accurate results without complicating the model too much or 
increasing the computational time by too large a factor. 
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Fixed to lumen 
Figure 3.13 Balloon laper,(Endovascular Angioplasry Malenals Catalogue: 2003) 
One way to validate whether rhe mesh used rendered accurate results is to compare it to 
physical results. A rule of thumb in finite element modelling is to increase the density of 
the mesh in the areas where the highest stress concentration or displacement are ex.pected 
and to decrease the density of the mesh in the other areas of lesser importance. This 
should allow the computational time to stay within reasonable limits and the results to be 
Clccurate and of practical use, for this reason the number of elements was increased on 
rhe bend of the balloon fOlds, thus increasing the density of the mesh. In the other areas a 
fairly coarse mesh was taken as satisfacrory. One thing that would slow the simulation 
time dOWTl considerably, though, was rhe element length. The explicit integration scheme 
used for this analysis is dominated by 6l~1'(1 as explained jn Section 2.1. Th is means that 
Ihe smaller the element length the smaller the critical time step. A small critical time step 
will cause the simulation time to slow down considerably , The right balance berween too 
fine or too coarse a mesh had to be found. The balloon was meshed with linear 
quadrilateral elements. Figure 3.14 shows the discretized finite element model of the 
balloon, wh ich was comprised of 97,650 elements and 98,30 I nodes. 
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Figure 3_14 Meshed balloon rT\.odel 
3-3 Steot Model 
Standard drawings of a flat or unrolled stent had already been created in Solid Works®, 
meaning that these drawings were in 2-D and that the stent was folded open and flat 
(Figure 3_15). These drawings could be altered to either represent a stent in its crimped or 
uncrimped state, depending on what was required for the mode). The st.ent strut 
th icknesses wi 1\ obviously change if there is a change in diameter 0 f the stent, with the 
one in crimped form having a sl ightly smaller diameter. These drawings could easily be 
imported into ABAQUS® in DXF format. DXF is a text file format containing drawing 
in fonnation that can be read by other C AD systems or programs outside Sol id Works®, 
The drawings were imported as sketches and could now be edited within ABAQUS®. The 
first model that was created was only one quarter of the full model. Six of the stent rings 
were cut., leaving tvJo of the initial eight. The sketch was now ready and an element type 
for the sl.ent model could be assigned. A 3-D deformable planar shell element was chosen 
for the sten!. 
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Figure 3.15 DXF drawing ofa section of flat stent 
The ABAQUS Theory Manual explains that ABAQUS shell elements allow the 
modelling of curved, intersecting shells that can exhibit non-linear material response and 
undergo large translations and rotations. These shell elements can also model the bending 
behaviour of the stainless steel and are formulated for large-strain analysis. Since 
ABAQUS/Explicit was used, general-purpose shell elements were employed. These 
general-purpose elements provide robust and accurate solutions in all loading conditions. 
Thickness change as a function of in-plane deformation is allowed and the elements do 
not suffer from shear locking and do not have unconstrained hourglass modes. In 
ABAQUSlExplicit the thickness change is based on the "effective section Poisson's ratio" 
for all shell elements in large-<leformation analyses. The thickness change based on the 
"effective section Poisson's ratio" is calculated as follows. 
In plane stress (JJJ = 0 and linear elasticity gives 
(3.44) 
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Treating these as logarithmic strains, 
In[.!...] = -""=:"'[In[i.] + In[!.L1J = -....=:...In(~) t I -I,) ,0 ,0 1-V AO o I 2 ) (3.45) 
where A is the area on the shell's reference surface. This non-linear analogy with linear 
elasticity leads to the thickness change relationship: 
(3.46) 
For u = 0.5 the material is incompressible; for l,) = 0 the section thickness does not 
change. These shell elements were thus the best-suited element to use for the stent model. 
Since the stent elements had to undergo large displacements and rotations during the 
deployment process, large strains and stresses would be present within the stene These 
elements thus allow fairly smooth displacement fields and an accurale solution. The 
model of the flat stent can be seen in Figure 3.16. 
9.225mm 
Figure 3.16 Flat stent model (Half stent) 
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An alternative would be to use 8-noded continuum brick elements, but this would be 
computationally too expensive. 
These stents are made from Stainless Steel 3l6L and the material properties were chosen 
to approximately represent this material. The material was modelled using a Von Mises 
type bilinear elasto-plastic material model. The elastic and plastic responses are 
distinguished by separating the deformation into recoverable (elastic) and non-
recoverable (plastic) parts. This separation is based on the assumption that there is an 
additive relationship between strain rates: 
(3.47) 
where i is the total strain rate, iel is the rate of change of the elastic strain, and ipi is the 
rate of change of the plastic strain. Belytschko et oZ. (2000) explain that the elastic strain 
is always related to the elastic modulus: 
(3.48) 
where E is the elastic or Young's modulus. The above relations are homogeneous in the 
rates of stress and strain, meaning that the time can be scaled by any factor, but the 
constitutive relation will remain unchanged. This means that the material chosen is rate-
independent even though it is expressed in terms of strain rate. The plastic strain rate is 
given by: 
(3.49) 
where i and \f are the plastic rate parameter and plastic flow potential, respectively. The 
yield condition can now be described by: 
(3.50) 
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where a, 0" y and i are the effecLive stress, yield strength and effective plaslic strain, 
respect i veJ y. 
The following material properties were used (Appendix B): 
• Young's Modulus: 193 GPa 
• Density: 785 glm) 
• Poisson's ratio: OJ 
• Yield Stress: 330 MPa 
• Plastic Strain: 0.48 
The material was then assigned to the model as a homogenous shell section with a wall 
thickness of 14 x 10-2 mm. The wall thickness of the stenl was obtained from data 
provided by D1SA Vascular. The stent has a length of 18.45 mm. The stent model could 
now be meshed. As explained previously, the meshing process is very difficult and 
requires good judgment. Areas that are expected Lo have the highest stress concentrarion 
usually have the densest meshing. For Lhis reason the mesh was reftned around all the 
curves of the stent struls where the highest stress concentrations were likely to occur 
(Figure 3. t 7). The sLent was meshed with linear quadriJateral elements. The stent was 
comprised of 49,587 elements and 6 J ,845 nodes. 
Figu re 3. J 7 CloseAup to show variable mesh density 
$1 
The two outer edges of the {Jat stenl had 10 be connected 10 form a closed and round 
sleD!. A Python script, programmed by Mr. Hellmut Bowles from Finile Element 
Analysis Services (Ply) Ltd, a company based in Mowbray. South Africa was used to 
map the flat 2D stem onto a circular 3D model. This program (ook all the nodes of the 
flat stent and mapped them into a cylindrical coordinate syslem so Ihal the [wo ouler 
edges lined up and a closed stent was formed. The circumference of tne stenl had to be 
specitied in order for the two edges to align perfectly and Ihe respective nodes to join up. 
Due to a set tolerance wilhin ABAQUS the nodes oflhe two edges did nOI fall exaclly on 
one another. A simple alteration to this tolerance was made and the nodes could then be 
merged and the stent fully closed. The stent model was now ready 10 be used in the full 
catheter assembly. Figure 3.18 shows the discretized finite element model of half the 
round stent. 
Figure 3.18 Meshed model of hal fa stent 
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The inner lumen is a piece ofrullber piping which houses the guide wire for the ~lheter. 
This lumen fits tightly over the guide wire orthe catheter. An illustration of the assembly 
ofthesc three items can be seen in fi gure J. 19. lbe finlt idea was to mode l the lumen and 
guide wire as one rigid body, since the guide wire woo ld not budge under the pressure 
from the ba lloon and Slent. 
lia lJooo 
~ __ ~7 ~L,mm I 
Guide wire 
Figure J, 19 Seclion of 0011<>011. lum~n and glJ ;d~ wire assembly 
To create a more realistic model, the two were modelled separutely though. The rub bery 
lumen was modelJed using a 3·1} deformable planar shell element as base element with 
an extrusion length equal to thai of the balloon model. The lu men mode l has an outside 
d iameter of 1.1 mm and length of 20.72 mm. The lumen is made from a material called 
PEIiAX and the material propert ies for th is model were chosen to approximately 
represent PEHA X. The following material propert ies were used (Appendix B): 
• Young's Modulus; 
• Density; 
• Poisson's ratio; 
3.38 K 10' Pa 
1.0 I x 10.6 k.g/mml 
0.35 
Next this material had to be assigned to the 3-D model as a membrane shell section with 
a wall thickness of 6 x 10-2 mm. The lumen was meshed with linear quadrilateral 
elements and the model discretized into 3,540 nodes and 3,520 linear quadrilateral 
elements. 
A 3-D discrete rigid shell extrusion part was created for the guide wire. The extrusion 
depth was the same as that for the lumen, which was in fact equal to the length of the 
balloon. The guide wire has an outside diameter of 0.8 mm and length of 20.72 mm. The 
lumen was meshed with linear quadrilateral elements and the model discretized into 
5,612 nodes and 5,589 linear quadrilateral elements. 
3.5 Crimping Tool Model 
The actual stent is crimped onto the folded balloon. An uncrimped stent and folded 
balloon are placed inside a specially designed crimping machine. The machine works on 
a collet-based system consisting of 12 triangular beams which are arranged 
circumferentially. This creates the central canal where the stent and balloon can be placed 
and where the stent is crimped onto the balloon. As the triangular beams are displaced 
centrally, they slide over each other, keeping the central canal circular and ensuring that a 
regular and smooth crimped stent is created. A picture of the crimping machine 
mechanism can be seen in Figure 3.20. As the stent is crimped onto the balloon it is 
deformed plastically, meaning that it keeps its deformed or crimped shaped after the 
crimping process. This also causes the stent to be pre-loaded, so that the stent is internally 
stressed even before the balloon is inflated. Creating a stent model in ABAQUS that is 
already the crimped size, and assembling it onto the folded balloon model, will not reflect 
the true behaviour of the system. This stent will be the right size, but will not be pre-
loaded. For this reason a model of the crimping machine had to be created to crimp the 
stent model onto the folded balloon model within ABAQUS. 
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3.6 Assembly 
3.6.1 Crimping Tool Assembly 
The twelve rigid body plates were arranged circumferentially in such a way that each of 
them was positioned at a dilferent angle. The angular difference between each of tIle 
plates was 30 degrees. This allowed the 12 plates to be arranged in such a way that the 
central area within the plates fonned a canal of similar dimensions as the one fonned in 
the actual crimping machine. This assembly can be seen in Figure 3.22. The diameter of 
the inner canal was made big enough so that an uncrimped stent could easily tit inside it. 
Single plate 
Central canal 
Figure 3.22 Assembled crimping 1001 
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3.6.2 Balloon. Inner Lumen and Guide Wire Assembly 
The balloon and inner lumen were assembled first by placing the crimped balloon over 
the inner lumen. The inner lumen's outside diameter was chosen to tit exactly inside the 
folded balloon. When assembled, there was no gap between the balloon and the inner 
lumen. This was a reflection of how the actual balloon fitted onto the inner lumen of the 
catheter. The guide wire was then inserted into the lumen. The guide wire was modelled 
in such a way that it fitted loosely into the central canal, like the rea l guide wire. This 
would allow some radial movement for the lumen and balloon, if it was necessary for 
them to move inwards during the cr,imping of the stent onto the balloon. This assembly 




Figure 3.23 Balloon, lumen & guide wire assembly (1/4 of the model ) 
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3.6.3 Steof Assembly 
The balloon, inner lumen and guide wire assembly, were now assembled with the 
uncrimped stent. They were all positioned on the central axis, so that the stent was 
positioned furthest from the centre. In the actual slent and balloon assembly it is very 
clc:ar (hat tht;: ends of Ihc: b<tlloon stick out ulILlt:meath the stell{. Thi::; is very illfluential 
during Ihe deployment process, since the ends of the balloon tend to bulge first, and this 
could be the main cause for Ihe stent shoot ing ofT the balloon. For this reason Ihe stent 
model was made substantially shorter in length than the balloon. During assembly the 
stent was placed centrally on the balloon, allowing the same distance of balloon sticking 
out on each end of the sten!. This could later be offset by a certain amount to see if a non-
centrally assembled slent would cause the one side of the balloon to open up quicker than 
the other. This assembly can easily be seen in I:igure 3.24. 
Figure 3.24 Main assembly without crimping tool (1/4 of the model) 
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3.6.4 Main Assembly 
All the individual assemblies were now joined to fonn one large assembly, similar to the 
actua l stent a nd balloon inside a crimping machine, waiting to be crimped. The crimping 
tools were placed on the outside of the other parts, s ince they have to move radially 
inward to crimp the stent onto the balloon. One quarter of the final assembly can be seen 
in Figure 3.25. 
Stent 
Balloon 




Lumen & Guide 
wire 
CHAPTER FOUR 
LOADING AND SOLUTION 
The correct boundary conditions had to be created for the model, in order to achieve 
accurate and real results after running the simulation. The guide wire was fixed in all 
degrees of freedom, since it remains stationary during the crimping of the stent and 
during the deployment of the balloon when the stent is delivered. The balloon and lumen 
were fixed in the axial direction, since the lumen is stationary in the axial direction and 
the balloon is fixed to the lumen. No actual boundary conditions were placed on the stent 
for the full model; it was free to move in any direction during the crimping and 
deployment processes. Due to computational time limits a smaller model had to be 
created. Initially the idea was to model only half of the complete stent model and to 
impose symmetrical boundary conditions on the one side. Symmetrical boundary 
conditions would cause the nodes in the plane of symmetry to have no displacement in 
the direction normal to the plane and impose rotational restrictions on the nodes in the 
plane of symmetry. To impose symmetrical boundary conditions one would assume that 
the model is symmetrical. To make this assumption would not be a true reflection of 
reality. As previously mentioned one of the main causes for the stent shooting off the 
balloon could be the asymmetrical placement of the crimped stent on the balloon. 
Therefore it was decided to duplicate the model, but to scale it down to one quarter of the 
length. 
The coordinate system was transformed to a cylindrical system for the crimping tool. The 
plates of the crimping tool were fixed in all degrees of freedom except for the one in the 
radial direction, meaning that the plates could only move radially inwards. The boundary 
conditions imposed on these plates allowed them to move through one another when they 
were displaced centrally, and this was necessary to mimic the actual behaviour of the 
crimping machine during the crimping of the stent and to keep the central canal circular. 
In order for the stent to be crimped uniformly, the plates had to move inward smoothly 
and be kept at the same angle. 
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/ 
Another important consideration was the effect of contact between all the surfaces. All 
the contact had to be specified within ABAQUS. Here is a list of the contact pairs: 
• Crimping tool and stent outer surface 
• Stent inner surface and balloon outer surface 
• Balloon self contact 
• Balloon inner surface with lumen outer surface 
• Lumen inner surface with guide wire outer surface 
To simplify these contact defmitions, ABAQUS's generalized contact function was used 
to create a general contact defmition for all the contact surfaces. This contact algorithm 
uses a penalty method to enforce the contact constraints. The ABAQUS user's manual 
explains it as fo]]ows. 
The two defonnable bodies or defonnable body and a rigid body that take part in the 
contact are named. With this approach one surface definition provides the "master" 
surface and the other surface definition provides the "slave" surface. The penalty contact 
algorithm searches for slave node penetrations in the current model. Contact forces that 
are a function of the penetration distance are applied to the slave nodes to oppose the 
penetration, while equal and opposite forces act on the master surface at the penetration 
point. 
When the element faces fonn the master surface, the master surface contact forces are 
distributed to the nodes of the master faces being penetrated. In the case of an analytical 
rigid master surface, the master surface forces are applied as forces and moments on the 
associated rigid body. An illustration showing the master and slave surfaces is shown in 
Figure 4.1. 
The "spring" stiffness that relates the contact force to the penetration distance is chosen 
automatically by ABAQUSlExplicit for hard penalty contact, such that the effect on the 
time increment is minimal yet the allowed penetration is not significant in most analyses. 
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Since the penalty algorilhm introduces additional stiffuess behaviour into the model, this 
stiffness can influence the stable time increment. ABAQUSlExplicit automatically 
accounts for the effecl of the penalty stiffnesses in the automatic time incrementation, 
although this effect is usually small. The penalty contact algorithm for a balanced masler-
slave contact pair computes contact forces that are linear combinations of pure masler-
slave forces calculaled in the manner outlined above. One set of forces is calculated 
considering one surface as the master surface, and the other forces are calculaiM 
considering that same surface as the slave surface. ABAQUSlExplicit then applies a 
weighted average of the two values. The weighting used with each set of forces depends 
on the value given to the WEIGHT parameter defining the contact pair. The default for 
balancM master-slave contact is to weight each of the two sets of forces equally. The 
penetration distance will typically be an order of magnirude greater than the parent 
element's elastic defonnation nonnallO the contact interface. 
Slave surface 
Slave nodes cannot 
penetrate master surface 
Master nodes can 
penetrate slave surface 
Figure 4.1 Contact definition (ABAQUS user's manual) 
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Master surface 
The distance that the crimping tool plates move determines the size of the crimped stent: 
the more they move inward the smaller the outside diameter of the stent, and the bigger 
the crimp; After careful calculation, it was concluded that each plate had to be displaced 
by 0.60 mm. This ensured that the stent was crimped tightly onto the folded balloon. 
Frictional contact was defined between the outer surface of the balloon and the inner 
surface of the stent. The friction was modelled using a standard Mohr-Coloumb model, 
where the maximum allowable frictional shear stress is linearly proportional to the 
contact pressure: 
T friction :$ pP (4.1) 
where J.l and P are the frictional coefficient and the contact pressure respectively. 
A set of fixed steps was created to simulate the response of the real system. The time 
scale is important in a dynamic analysis, and an accurate representation of the physical 
mass and inertia in the model is required to give a true response in the simulation. 
However, this model has many very small elements, which will force ABAQUSlExplicit 
to use a small time increment to integrate the entire model in time. These small elements 
are the result of a dense mesh, which. gives a difficult mesh generation task. Mass scaling 
is (f)ften used in ABAQUSlExplicit for computational efficiency in quasi-static analyses 
and in some dynamic analyses that contain a few very small elements that control the 
stable time increment. By scaling the masses of these controlling elements at the 
beginning of the steps, the stable tirne increment can be increased significantly, yet the 
effect on the overall dynamic behaviour of the model may be negligible. During an 
impact analysis like this,. where there is a lot of contact,. elements at the contact zone 
typically experience large amounts of deformation. The reduced characteristic lengths of 
these elements result in a smaller global time increment .. Scaling the mass of these 
elements as required throughout the simulation can significantly decrease the 
computation time. For this exact reason, mass scaling was used to increase computational 
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efficiency. There was however the danger that with the increase of the overall mass 
properties of the model,. it would degrade the accuracy of the dynamic solution. The 
masses of the elements were scaled once 'at the beginning of the first step by the chosen 
scaling factor of 100. The following fOUT steps were taken for the analysis. 
4.1 Crimp Step 
In this step the crimping tool plates were moved inward and the stent crimped onto the 
balloon. A smooth step amplitude was created for the displacement of the crimping tool 
plates. This was to ensure that the crimping velocities and accelerations were kept under 
control. A typical smooth step curve can be seen in Figure 4.2. Due to computational time 
limits the time step taken for this step was very smalL The step time was, taken as 0.005 
seconds. The distance by which the crimping tool plates had to be displaced radially was 
specified in the load step. They were displaced by 0.6 mm~ which was the distance that 







o 1 2 3 4 5 
Time (8) 
Figure 4.2 Graph of smooth step function 
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4.2 Zero Velocity Step 
After the crimping step the velocities of both the stent and bal100n had to be zeroed. Due 
to the fixed mass scaHng the inertia] ·effects were increased by a considerable factor, 
which caused the stent and the balloon to keep moving radial1y inwards after the 
crimping tool plates had stopped. By imposing a zero velocity boundary condition for a 
time of 1 x 10-5 seconds, this: was corrected and the velocities of the stent and baUoon 
equa])ed zero. 
4.3 Release Step 
After the zero velocity step another step had to be taken where the crimping tool plates 
were removed. This was done to allow the balloon to open up properly during inflation 
and the deployment of the stent to a diameter of 10 mm. A fixed radial distance in the 
opposite direction was specified and the crimping tools were then moved out of the way. 
The stent had internal energy after the crimping step and would oscillate until a stage of 
equilibrium was reached after the crimping tool was removed .. To try and correct for this, 
the crimping tool was taken away in two stages. The first part of the removal was slow to 
allow the stent to move out gradually with the tools until an equilibrium state was 
reached. This was also done with a smooth step function over a time of 0.009 seconds~ 
During this time the crimping tool plates were only moved outwards by a distance of 0.01 
mm. After that the plates were moved out of the way completely by 9.6 mm in 0.001 
seconds. 
4.4 Deployment Step 
The pressure load required to inflate the balloon was approximately 8 bar .. The pressure 
was applied to the inner surfaces of the balloon as a uniform surface load. A smooth step 
function was chosen to ramp up the pressure. A step time of 0.08 seconds was selected, 
where the pressure was ramped up to 8 bar within 0.00 I seconds and then kept constant 
for the rest of the inflation tUne. The kinetic and internal energies were checked 
65 
throughout to ensure that the balloon-loading rate was not too high. The kinetic energy 
had to be negligible for this to be true (Chua et aI.., 2003)., This allowed the balloon to be 
opened fully and the stent to be deployed to the required diameter. 
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CHAPTER FIVE 
RESULTS AND DISCUSSION 
5.1 Test model simulation 
As explained tn section 3.1 a simple test model was created to test the possibility of 
modelling the st.ent and balloon interaction in ABAQUS. As the pressure on the inner 
surface of the balloon increased, it inflated. In other words its surface moved radially 
outwards. The slBrt of the inflation can clearly be seen in Figure 5.1 (b). 
(a) (b) 
Figure 5.1 (a) Before intlalion (b) I" step of lest model run 
This outward radtal movement continued until contact was made wHh the tnner surface of 
the stent. The tnflation of the balloon halted for a while until the pressure increased 
sufficiently to overcome the reaction force of the stent. The stent was now no longer able 
to hold the balloon down Dnd the stent was also forced to expand radially. The 
deployment of the stent is shown clearly in Figure 5.2 (c). The bends in the original stent 
surface disappear, meaning that it tS expanded radially. This inflation continued until the 
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balloon was fully deployed and all its kinks had disappeared (Figure 5.3). This simulation 
showed that the inflation process and deployment of the balloon could definitely be 
modelled in ABAQUS by using the same principles as used in the test model, just on a 
bigger scale. 
(a) (b) (c) 
Figure 5.2 (a) 2ed , (b) 3rt!, (c) 4il1 steps of test model run 
Figure 5.3 Final step of test model run 
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5.2 First Small Assembly Simulation 
Due to the computational limits, it was decided to model one quarter of the assembly 
only. The slent used for this assembly was modelled in the form of an a.lready crimped 
slent, meaning that the stent had the same diameter of a slent that has already been 
crimped onto the balloon. The only difference is that this model had no internal strains 
and was thus not preloaded. This stent model was then t.a.ken and assembled onto the 
folded balloon model (Figure 5.4). The model had exactly lhe same p(operties as the full 
size model, the only difference being the shoner length of the balloon and the fewer 
number of stent rings. 
Balloon 
Inner lumen 
Figure 5.4 Small model run; Before int1atlon 
As the pressure was applied to the inner surface of the balloon, il pushed against the inner 
surface of the sten t.. The balloon was in itia lIy held down by the reaction force of the stent 
and the balloon bulged slightly at its ends where it was not held down by the stenL As the 
pressure increased, the stent could no longer hold the balloon down and the stent started 
to deploy. This corresponds well with the finding by Chua el al. (2003). As the balloon 
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inflales and the stent is expanded, the stent goes through a stage of elastic deformation. 




Small model run: (a) - of the way. (b) - of way through 
8 4 
As the expansion of the balloon continues, parts of the stent start (0 defonn plastically. 
The yield stress is reached at about 330 MPa, and chis can be observed in Figure 5.6 (a) 
and (b). The stress seems to be more localiseQ in some areas of the slent. This can 




Small model run: (a)- of the way, (b) - of way through 
2 8 
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Slen t strut 
Stress 
localisation 
Figu re S.7 Stress localisation in stent strut come~ 
This stress localisation in the comers of the stent strulS can be ascribed to the fact that the 
stent struts are pulled apart as tbe stent is deployed. This pulling process causes tension 
on the inside and compression on the outside of the bend or comers where the StenL struts 
are connected. In rerum this causes the stress to rise considerably in these hairpin hends, 
especially on the outsides were the compressive forces are being exerted. This would 
imply thal lhese are the areas were failure of the stem is most likely to occur, meaning 
that special attention must be given to the design of these hairpin bends to ensure that 
failure will not occur with the crimping or deployment of the stenL Failure could be life~ 
threatening to the patient who receives the stent in an anempt to restore the blood flow in 
blocked vessel. Chua el aJ. (2003) found the same type of stress distribution. 
Figure 5.8 
3 7 
Small model run: (a)- orlMe way, (b) - of way IhrClugh 
4 8 
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The balloon was now fully deployed and the stent had reached its fully expanded 
diameter of about 10.35 mm in 0.025 seconds. A short simulation time was selected to 
compensate for the computational expense of having a very fine mesh and having a high 
mass scaling. As explained in Section 3.3 the material chosen was rate-independent, 
meaning that by shortening the step times the accuracy of the results would not be 
influenced. However as explained in Section 2.1, the length of the smallest element 
determines the size of the critical time step. Since a fine mesh was selected, the smallest 
element length caused the critical time step to be 2.085 x 10-9 seconds and the simulation 
to run for approximately 9 hours. In order to achieve an economical solution, it was either 
useful to reduce the step time of the analysis or to artificially increase the mass of the 
model with mass scaling. For quasi-static cases, a limited amount of mass scaling is 
usually possible and does result in a corresponding increase in the time increment used by 
ABAQUSlExplicit and a corresponding reduction in computational time. Both 
alternatives yield similar results for rate-independent materials, such as the materials used 
in this analysis. However, one must ensure that changes in the mass and consequent 
increases in the inertial forces do not alter the solution significantly. A limited amount of 
mass scaling is usually possible for most quasi-static cases and would result in a 
corresponding increase in the time increment used by ABA QU SlExpli cit and a 
corresponding reduction in computational time. A combination of a mass-scaling factor 
of 100 and a decreased step time was used in this analysis to yield respectable run times 
with reliable results. 
Although the selected simulation time was considerably shorter than the actual time 
required to expand the stent, the kinetic and internal energies were checked throughout to 
ensure that the kinetic energy was negligible when compared to the internal energy. This 
also meant that chosen fixed mass scaling was chosen correctly. The same approach was 
taken by Chua et aZ. (2003). The fully expanded balloon and stent are shown in Figure 
5.10. 
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figure 5.10 Small model run: Fully deployed (scaled) 
The conventional wisdom was that the Slent was circular when it was deployed. This was 
however not found LO be the case. Although the fully deployed Slent and balloon were 
more or less ci rcu lar, the expand i ng stent took on a triangu lar shape. Th is phenomenon 
could be ascribed to the way that the balloon flaps were folded. The special tri-folding 
t~hnique was explained in Section 3.2. As the balloon was infla~ the three flaps of the 
balloon unfolded and caused the stenl to expand more over the areas of the unfolding 
flaps. The folded balloon and assembled stent before Ihe deployment are shown in Figure 
5.11 (a). After some inflation of the balloon, Ir could clearly be seen that Ihe balloon 
forced the stent to take on Ii lriangular shape figure 5.11 (b). 
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stent. The parts of the stent sticking out could puncture the vessel wherein it is deployed 
and cause considerable bleeding as well as trigger the restenosis process at the site of 
injury. It is thus important that the stent hairpin bends are carefully polished, so that they 
are not sharp and would no! injure the diseased vessel. This out-of-plane deformation of 
the stent can clearly be seen in Figure 5.12. These sharp outstanding edges could be 
harmful to the vessel wherein the stent will be deployed. This is an area of great concern, 
because injury to the vessel wall could cause local restenosis. This means that instead of 
effectively restoring the blood flow to the tissues supplied by the artery, which was 
blocked, the injury to the vessel wall would cause plaque to start forming at the site of 
injury. This would result in the closing of the artery, and blockage would yet again occur, 
and might even be mOre severe than it was before the stent was inserted. This triangular 
shape of the stent during the deployment process could also influence the effectiveness of 
the stent in pushing away or removing the plaque from the obstructed vessel. This 
triangular shape could cause uneven clearing of the plaque or push it away to one side 
instead of clearing it all away smoothly. This could start the forming of new plaque and a 
re-blockage of the vessel. The areas directly over the unfolding flaps were smoother and 
less out-of-plane bending occured. 
Smooth area 
Figure 5.12 Halfway through the dep.loyment process 
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Out of plane 
bending of the 
hairpin bends 
As the deployment process continued the sharp edges seemed to lessen. This happened as 
the balloon flaps unfolded further and more of the stent's inner surface came in contact 
with the outer surface of the balloon (Figure 5.13). One thing that should also be noted 
was that the stent more or Jess regained a circular shape at the end of deployment. A 
scaled side view of the fully deployed stent and balloon is displayed in Figure 5.14. 
Large smooth area 
Smaller rough area 
3 
Figure 5.13 - of the way deployed 
4 
o 
Figure 5.14 Fully deployed stent and balloon (scaled) 
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Something that could be considered for future work is to model an obstructed artery 
around the stent and balloon. The stent could then be deployed in exactly the same way 
as the above simulation. Its effectiveness to remove the plaque, which obstructs the 
vessel, could then be checked. The effect of the sharp out sticking parts of the deploying 
stent could be monitored to see if any damage would be caused to the vessel itself. 
The difficulty however will be to find the material properties of an artery and the plaque 
which obstructs it. It will also be extremely difficult to predict when injury would occur 
to the inner surface of the artery, due to its unknown characteristics and the difficulty to 
model its reaction accurately. One of the biggest questions will be how one would 
determine under which inner pressure or compressive force the artery will fail or get 
injured. 
Some finite element studies where the stent artery contact has been modelled has already 
been done by Prendergast et ai. (2003), Tan et ai., (2001) and Rogers et ai. (1999) and it 
was shown that this kind of study would be feasible. 
5.3 Crimping Tool Simulation 
The crimping tool mechanism was first tested without actually crimping a stent. The idea 
was to allow the 12 rigid body plates to move through one another displacing them 
radially inward by a fixed distance. Because of the angular offset of each one of the 12 
plates, their inward movement caused the central canal to become smaller and smaller 
and eventually disappear. This is a very good reflection of what happens in the actual 
crimping machine and this model would be a suitable representation of the actual 





Figure 5.1S Crimping tool simulation: Before closil"\g 
Side view 
Figure 5.J6 Crimping tool simulation: Halfway closed 
Side view 
Figure 5.17 Crimping tool simulation: Fully closed 
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5.4 Full Assembly Simulation 
As mentioned in Section 3.3 an uncrimped stent model was now used in the assembly. 
The initial model had a very fine mesh in order to obtain accurate and true results. This, 
however, resulted in very small elements, which caused the critical time step to be very 
small. The critical time step was in the order of 1.8 x 10-9 seconds, which meant that for a 
simulation time of 1 ms it would have to take 5.5 x 108 increments to complete the 
simulation. Computationally this was very expensive. However, the first few simulations 
were run with this fine mesh. The smaller model was still used and it consisted of only 
two of the eight stent rings and the balloon was shortened accordingly. The crimp step 
alone took almost 18 hours to complete. This was definitely not ideal, since changes had 
to be made to the model after each run, only to wait another 18 hours to see the result of 
these changes. Due to the limited availability of computers to run these simulations, and 
the computationally expensive mesh, an alternative option had to be taken. 
It was decided to coarsen the mesh in order to increase the critical time step. This would 
obviously influence the accuracy of the results, but would speed up the simulation run 
times considerably. With a coarsened mesh, the critical time step was increased to 3.2 x 
10-9 seconds. The new time step was almost double the old one and would speed up the 
simulation by a factor of two. The density of the mesh on the bends of the stent struts and 
the folds of the balloon could not· be decreased by such a large margin, due to the 
sharpness of the bends and the importance of the stress data of these corner elements. 
This meant that there were still fairly small elements in the model, which is why the 
critical time step only increased by a factor of two. This was however a big improvement 
and meant that changes to the model could be made at more regular intervals and the 
smaller model simulation could be perfected, so that the full model could be run with 
minimal delays and compromises. 
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5.4.1 Crimp Step 
An initial time step of 0.001 seconds was taken for the crimping simulation. The 
crimping tools were placed a reasonable distance away from the stent itself, about 100 
llm. The diameter of the uncrimped stent was about 3200 llm, and this was crimped down 
by 1200 J.UD to 2000 J.UD, meaning that was a 37.5 % reduction in the diameter. It was 
however observed that the stent gathered more momentum than expected and overshot 
the displacement of the crimping tool. It was mentioned in Section 4.1 that a smooth step 
function was chosen to displace the crimping tool. At the end of the crimp step, as the 
crimping tools started to slow down, the stent kept on moving inwards and away from the 
crimping tool plates until contact was made with the balloon's outer surface. This was not 
a true reflection of the real system and it was observed that the kinetic energy of the stent 
was a lot higher than its internal energy. The reason for the increase of velocity of the 
stent could be ascribed to the initial hard contact that was made between the crimping 
tool plates and the stent, as well as speed of the simulation and the mass scaling, as 
mentioned in Chapter 4. 
It was then decided to increase the simulation time to 0.005 seconds and move the 
crimping tool plates in so that they just touched the outer surface of the stent. Again the 
simulation was run and the kinetic energy compared to the internal energy of the stent. It 
was found that the kinetic energy was negligible compared to the internal energy. This 
can clearly be seen in Figure 5.18. Initially at about 1.2 milliseconds the kinetic energy 
was higher than the internal energy. This can be ascribed to the initial contact of the 
crimping tool plates with the outer surface of the stent. This was soon inverted at about 
1.45 milliseconds, and now the kinetic energy was less than 2% of the internal energy. 
Although the new simulation time was still much shorter than the actual time required to 
crimp the stent, it was justified by the energy investigations. The stent now no longer 
accelerated faster than the crimping tool plates, but rather slowed down towards the end 
of the step, insuring a smooth crimp. 
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Crimping plate 
Uncrimped slen l 
Guide wire 
Side view 
Figure 5. 19 Before crimp 
Side view 




Figure S.21 End of crimp 
Figure 5.22 displays the stent, balloon, inner lumen and guide wire assembly before the 
beginning of the crimp step. The crimping tool plates had been removed to show the 
actual development of stress in the stent. The stent was caught within the central canal 
fonned by the crimping tool plates. As these plates moved inward, the stent was crimped 
smaller and smaller. The crimping of the stent forced the stent struts to move closer to 
one another and the gaps between them to get smaller with the crimp. This can clearly be 
seen in Figure 5.23 (a) and (b). Before the crimp the angle between the individual stent 
struts were about 30° as seen in Figure 5.22. At the end of the crimp these angles had 
almost disappeared completely and the stent struts were more or less parallel to one 
another (Figure 5.24 (a»). 
This shape correlated weJl with the theoretically anticipated shape of the stent in its 
crimped formed as calculated by Mr. Markus Lehmann from DISA Vascular (Ply) Ltd. 
When compared to the crimped stent model, which was used for the ftrst model discussed 
in Section 5.2, it could be seen that this stent shape was more or less the same. The ftrst 
model is shown in shown in Figure 5.24 (b) and, when compared to the model in Figure 
5.24 (a), a clear resemblance can be seen. 
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Individual stent strut 
Figure 5.22 Small model cri mp simulation: Before the crimp 
30° angle between 
struts 
Figure 5.23 Small model crimp simulation: (a) Start of actual crimp, (b) Halfway crimped 
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(a) (b) 
Figure 5.24 Small model crimp simulation: (a) Fully crimped (b) Fi rst model before innation. 
with no cri mping 
As the slcn! was crimped and the SInus moved closer to one another, the elements at the 
bends that connected the stnJ ls experienced higher stresses than anywhere else in the 
slent . Th is was especia lly noticed at the outside elemen ts of the bends. This cou ld be 
ascribed 10 the closing of the gap between the struts, wh ich caused tension on the outside 
elements and compress ion on the inner oncs. This stress localisation on the outer 
c lements can be seen in Figure 5.25. 
Stress 
local isation 
Figure 5.25 Stress localisation on outer elements 
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One of the main difficulties experienced during the simulation of crimping the sten t onto 
the balloon, was to find the correct distance by which the crimping tool plates had to be 
moved radially inwards. The common idea would be that the stent's inner surface was 
perfectl,y circular when crimped. bu t in fact thi s was not found to be true. From Figure 
5.27 it can be seen that the crimped stent has 12 square facets or square areas all around 




Figure 5.27 (a) Side view of crimped stent (b) Close up of crimped stent section 
This provided considerable difficulty in predicting the inner diameter of the crimped stent 
and thus the distance the crimping tool plates had to be moved inwards. These facets 
were formed by the bends thai connected the in.dividual stent struts as illustrated in Figure 
5.25. Due to the fact Ihat no air gap was assumed between the fo lds of the folded balloon, 
the stent cou ld not be crimped 100 far. s ince th is would cause the balloon's surfaces to be 
pushed through each other and over-closure to occur. In return this would prevent 
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inflation of the balloon and the simulation would fail. There is a slight gap between the 
inner lumen and the guide wire, meaning that the stent could be crimped tightly onto the 
balloon. The balloon would transmit the displacement to the deformable inner lumen, 
which would then move radially inwards until it touched the guide wire. The difficulty 
was thus to crimp the stent so that the amount of crimp would be realistic and it would fit 
tightly on the balloon, but not crimp it too far so that over-closure of the balloon surfaces 
would occur. The correct crimping distance was eventually obtained after numerous 
simulations. This non-circular crimp of the stent could also be one of the reasons for the 
stent shooting off during the deployment of the balloon. Not all of the flat areas were the 
same size and therefore some parts of the stent made more contact with the balloon than 
others. This meant that there is more interaction and friction between some parts of the 
stent and balloon, which causes an uneven distribution of the loads and could initiate an 
uneven opening of the balloon and stent thus forcing the stent to shoot off. 
5.4.2 Zero velocity step 
As explained in Section 4.2, the zero velocity step ensured that the inward acceleration of 
the stent and balloon, due to the inertial effects caused by the mass scaling, were zeroed. 
This step was necessary to ensure that the balloon and stent would not still have inward 
velocities with the onset of the inflation step. If they had, it would cause over-closure of 
the balloon and the simulation would fail at the beginning of the balloon inflation. This 
step was performed successfully so that the crimping tool plates could be removed. 
5.4.3 Release step 
Initially it was thought that this step would be a very simple one in that it would only 
entail the removal of the crimping tool plates. This was however found not to be so 
simple. With the release or away movement of the plates, the stent also moved radially 
outwards. It expanded radially outwards for more or less 200 JlID before it started to 
oscillate. It kept on oscillating, by moving inward and outward by small distances. The 
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only explanation for this oscillation could be the stored energy Of inertia of the stent due 
to the crimping from a large to a small diameter. This inertia might then cause a spring 
back after the removal of the crimping tool plates. This meant that the stent no longer sat 
tightly on the outer surface of the folded balloon. This oscillation of the stenl was 
definitely not ideal and with the inflation of the balloon during the deployment step it 
would cause the balloon to collide hard with the inwardly moving stent. This would result 
in a failure of the analysis due to the over-closure of the balloon surfaces with the 
rebound from the stent surface. 
The method that was used to try and correct this problem was to move the crimping tool 
plates out slowly, so tha[ the stent pushed against their inner surfaces. Figures 5.28 and 
5.29 show the progTession of the release of the crimping tool plates. The force exeJ1ed on 
the iMer surface of the crimping tool plates and thus the expansion of the stent caused 
some of the inertial energy lO be dissipated. The plates were moved outwards until the 
stent reached a point of partial equilibrium where it did not expand any further but rather 
generated small oscillating movements. The plates were then removed completely 
(Figure 5.3 I) . The oscillation was considerably smaller than when the crimping tool 
plates were just removed straight away, meaning that thls new approach of crimping 1001 
plate removal was done with some success, but was still not perfectly ideal. 
Figure 5.28 
(a) (b) 
Start of the remove slep (a) Isometric view without crimping tool (b) Side view 




Partial equilibrium reached in release step (a) Isometric view without crimping 
tool (b) Side view with crimping tool 
Figure 5.30 jllustrates the spatial displacement of the stent in the radial direction during 
the release step. The displacement values are negative due to the fact that the stent was 
crimp inwards, in other words the stent was displaced in the negative radial direction. For 
the first 4.2 milliseconds the stent graduaiJy moves with the outward moving crimping 
tool plates, being displaceQ by more or less 215 )lm. This is clearly illustrated with the 
positive displacement of the stent in the radial direction. After that, contact with the 
crimping tool plates was lost and the Slent started to make smaiJ oscillating movements. It 
oscillated with and initial amplitude of about 25 11m, which got smaller with every 
oscillation as the energy dissipated. The end of the release step the oscillation amplitude 
was about 15 )lm. The spring back of the stent is not unrealistic and in reality the 
crimping process is repeated three tjmes to ensure a tight fit of the stent on the balloon. 
This is crucial for the insertion of the stent into the blocked vessel. If the stent is not 
crimped tightly onto the baltoon, it will easily be dislodged during the advancing of the 
catheter to the site of blockage and could cause serious threats to the patient. 
In reality the stent is actually crimped three times to ensure a tight fit. This would imply 
that the spring back of the stent is not unrealistic a[ all and happens in real life. It is 
believed that the only way to eliminate oscillation and spring back would be to recrimp 
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Figure 5.31 Full removal of the crimping tool plates (scaled) 
Another possible way for reducing the spring back and oscillation would be to remove all 
the mass scaling on the model and lengthen the time taken for the crimp and release step. 
However, computationally this would be just as expensive and due to limited resources 
this idea could not be pursued. The oscillation was however not that severe and the 
balloon could now be inflated. 
5.4.4 Deployment Step 
The pressure step for the increase in pressure inside the balloon was exactly the same as 
that for the first model assembly as explained in Section 5.2. The "spring back" of the 
stent caused stress relaxation within the stent. This stress distribution can easily be seen 
in Figure 5.32. This is obviously not ideal, and there is a need for a another crimp step, to 
insure a pre-stressed stent, which fits tightly on the outer surface of the balloon. Due to 
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the comput.ationally expensive nature of this simulation it could not be repeated and 
would have to be addressed in future studies. The difficulties experienced during the 
other steps of this simulation, i.e. the crimp step, resulted in a shortage of time to perfect 
this i n11at ion step. For th is reason, I was forced to use a fairly large mass-scaling factor 
during this step to try and ftnish the step in the limited time that was available. The 
intlation step was computationally extremely expensive due to the fact that ABAQUS 
had to check the stent-balloon and balloon-balloon self-contact, with regular intervals 
throughout the step to ensure that over-closure or excessive distortion of the balloon and 
stent elements would not occur. This slowed the simulation down considerably. The use 
of a big mass-scaling facLor could thus noL be avoided. 
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Figure 5.32 Low stresses in stenl before in (Jalion 
As the pressure slaned to rise inside the balloon the flaps started [0 unfold until they 
made con tact with the i noer surface of the stenL Due to the fact that the stent was sti II 
doing some small oscillating movements, the initial contact between the balloon flaps and 
94 
the stent was very hard. The deploymerll of the balloon Oaps halted (or a while as the 
pressure kept on increasing and tried to overcome the reaction forces of the oscillating 
stent holding down the balloon. Again, the balloon bulged slightly at the ends where it 
was not held down by the stent. Eventually the reaction force of the stent was overcome 
and the balloon pushed the stent radially outwards and started deploying (he sten! (Figure 
5.33 ). 
(b) 
Figure 5.33 Slart of ion at ion (a) isometric view (b) side view 
The same out-of-plane deformation phenomenon that was mentioned in Section 5.2 could 
be observed in the inflation step. The triangular shape of the deploying balloon and stent 
was not as prominent in this step, due to the fact that the stenl sprung back during the 
release of the crimping tools and was no longer sitting tightly On the folded balloon. This 
allowed the balloon to open up more before encountering the inner surface of the stent. 
The inflation of the balloon and resultant deployment of the stent continued in rhe same 
fashion as the simulation that was discussed in Section 5.2. However, the big msss-
scaling factor resulted in an increased inflation acceleration and thus radial velocity of the 
balloon. It was also noticed that the oscillation of the stenl had not ended and equilibrium 
of the stent had not been reached. This meant that the stent was still moving radially 
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inwards and outwards. After a time of about 30 ms the stent was moving inwards, just as 
the balloon was accelerating radially outwards. The contact between the two resulted in 
the balloon's surface to overshoot the stent's inner surface and go straight through. This 
resulted in excessive distortion of the balloon and sten! elements and the simulation to be 
aborted. This is illustrated in Figure 5.34. The only way this could be corrected would be 
to re-crimp the stent to eliminate its oscillation and to decrease the mass-scaling factor. 
However, due to the limited availability of computer resources and the computational 
expense of the simulation, the inflation step could not be corrected in the time that was 
available for this project. 
Excessive distortion of 
elements 
(b) 
Figure 5.34 Balloon over-shoots slent's inner surfce (a) isometric view (b) side view 
5.5 Offset Slent Assembly Simulation 
Due to a shortage in time and computational power, the complete model, where the stent 
is crimped onto the balloon could not be simulated. It was then decided to use the less 
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computationally demanding complete model, which had the stent, which was modelled in 
its already crimped fOnTI. This was exactly the same model as the one used in Seclion 5.2. 
I he only difference being the length of the parts. The stent now had the fu II 8 ri ngs and 
Ihe balloon was Jengthened so that a fair amount stuck out the sides undemeath the stent. 
It is believed that a slightly offset stent could be the reason for the stent to shoot off the 
delivery balloon during deployment. For th is exact reason it was decided to assemble the 
stent and balloon in such a way that the stent was offset on the balloon and to run the 
simulalion in an attempt to get the stent to shoot offaxiaUy. The offset stent position is 
clearly illustrated in Figure 5.33. 
Single stenl ring 
Figure 5_33 Side view of the assembly showi('lg the offset stent 
A uniform inflation pressure of 8 bar was appl ied to the inner surface of the balloon with 
a smooth slep function. With steady increase in pressure the balloon started to flare at its 
ends, were it was not held down by the stent. Figure 5.34 illustrates the balloon and stent 
assem bly before in t1ation and from Figure 5.35 it can clearty be seen that the end of the 
balloon start to flair from the il')t1ation pressure. 
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Figure 5.34 Assembly before inflation of the balloon 
Flaring balloon ends 
Figure 5.35 Isometric and side view of at start 0 fin nalion 
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As the pressure kept on increasing the flaring of the balJoon ends could be seen even 
more clearly (Figure 5.J6). This flaring also caused the ends of the stenl 10 start to flair as 
the balloon unfolded further and the steM's reslstive forces could no longer hold down 
the inflating balloon. Migliavacca el al. (2002) and Tan el af. (2000) also noted this so 
called Dogboning effect, where there is stronger expansion of the stenl and ba I loon at its 
distal ends than in the central region. 
Flaring balloon end 
Flaring of stent end 
Figure 5.36 Isometric and side View illustrating the progress of the balloon inOation 
It was believed that this Dogboning or flaring of the balloon ends could be one of the 
main reasons ror the dislodging of lhe stent. However, as the pressure increased and lhe 
balloon inflated further the forces were transmined lowa.{"ds the cenlre of the balloon and 
the force distributed throughout the whole model. The balloon was modelled so thal it 
had fairly large bits stickJng OUl undemeath the ends of the stent. This meanl lhat Ihe 
ilari ng 0 f the ba lloon happened at bOlh ends. For th is exact reason the stent could not be 
pushed off the balloon. Although one end flared a bit more than the other, Ihe smaller 
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flaring was srill enough to prevenr the stenl to shoot offaxiaUy. The dogboning could still 
be the reason for the off shooting stenl, due to the n~ct that the bils of balloon slicking Oul 
undemeath the stent are considerably smaller in reality. This would mean that the stent 
could be able to almost hold down the one side of the balloon completely and prevent it 
rrorn flaring. If the other end then still nares, this could cause the stent to be shot of 
axially. The flaring of the stenl ends could also potentially injure the vessel il would be 
deployed in, as this cause the hairpin bends of the stenl to stand LIp and Slick out radially. 
Again this stresses the importance of the correct polishing of the stent edges, to ensure 
thal injury to the artery is prevented. This phenomenon can clearly be seen in Figure 
5.37. 
StiCking out of 
hairpin bend 
Figure 5.37 Isometric and side view halfway through the inflation process 
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Sticking out of 
hairpin bend 
The rest of the in nation of the balloon and su bsequent deployment of the stent progressed 
in exactly the manner as the inflation for the simulation described in Section 5.2. The 
balloon expanded fully and deployed the stent to a diameter of more or less 10 mm 
(Figure 5.38). The attempt to shoot the stent oIT axially was thus a failure, but important 
knowledge was gained about changes that could be made to the model for future 
attempts. Another fact that must be brought the mind is the fact that this was an ideal 
model, meaning that was are no flaws modelled in the system. The balloon fold was 
unifonn and the stent's inner surface smooth throughout. The stent also made equal 
contact with the balloon's outer surface all along the length of the model. The ideal will 
then obviously be 10 run a simulation on the complete model were the stent is crimped 
onto the folded balloon. This could introduce uneven contact with the balloon surface, 
due to the facet forming on the stent's inner surface as explained in Section 5.4.1. The 
fact that the stent will be crimped tightly onto the balloon means that the balloon would 
get squashed somewhat.. which would in return cause an uneven balloon fold throughout 
its length. The introduction of some of Lhese factors to the system could mean a 
dislodging of the stent during the deployment process. 
Figure 5.38 Fully deployed Slent (scaled) 
10 J 
5.6 Limitations 
As already mentioned this simulation was computationally extremely expensive. The first 
small assembly simulation was done on a 1 GHz Intel Pentium III processor with 512 
NIB of RAM. The time taken to complete this simulation was more or less 9 hours. Due 
to the fact that this was novel work and that very little prior knowledge was available to 
help with the simulation of this problem, this was an iterative process. Meaning that small 
steps had to be taken at a time to get to the final assembly of the system and subsequent 
simulation. Small bits were added to the model each time, to try and understand the 
system and to model it as correctly as possible. This meant that it took at least 9 hours to 
see the effect of a change or correction to the model. Numerous runs had to be done to 
insure that the small model assembly simulation worked and that the inflation of the 
balloon deployed the stent. 
The next step was to run the simulation of one quarter of the complete assembly of the 
system, with the crimping tool. At first a fine mesh was chosen for the model. Due to the 
large amounts of contact in the model and the small critical time step the simulation was 
computationally very expensive. A 2.7 GHz ZEON processor with 4 GB of RAM was 
used to run this simulation. This computer is the property of Finite Element Analysis 
Services (Pty) Ltd, a company based in Mowbray, South Africa and is used to run all 
their simulations on. With this computer the run times for this simulation was in region of 
6 days or 140 hours. The same iterative approach was taken with this simulation. As 
mentioned in Section 5.4.1 it took a lot of calculations and reruns to obtain the correct 
distance by which the stent had to be crimped in order to fit tightly on the balloon. The 
length duration of the simulations were extremely frustrating and time consuming. The 
length of these simulations meant that good progress was prevented. Finite Element 
Analysis Services also made use of this computer to run some of their complex jobs on, 
which meant that the simulation times were lengthened even more. With time to time the 
computer was scheduled for other jobs, which meant that this simulation could not be 
started. It was not feasible to start the simulation on the 1 GHz processor since that would 
have increased the run time by a large margin. 
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Accuracy was then forfeited to try and bring down the simulation time, and the mesh was 
coarsened considerably. This insured that the critical time step increased and that the 
simulation run time would come down. The simulation with the changed model was 
again run on the 2.7 GHz ZEON processor with 4 GB of RAM, and it was found that the 
run time was almost halved to about 3 Y2 days or 80 hours. This allowed more regular 
checkups on changes made to the model and helped the progress of this study somewhat. 
The complete model could however not be run on this computer due a fully booked 
schedule of jobs for Finite Element Analysis Services. The complete model is four times 
bigger than the smaller one and would thus take four times longer to run. This means that 
an estimated 2 weeks could be expected per simulation. There were also no other 
computers available with enough computing power to handle a job of this size. The 
minimum system requirements for the complete model would be a 2 GHz machine with 
at least 1.5 GB of RAM. This would still only be half the computing power of the ZEON, 
meaning that the run time for the simulation would be doubled to 4 weeks per run. For 
this reason the simulations were carried on the quarter model to ensure that all flaws are 
eliminated and that these changes could be implemented in the full-scale model. This 
meant that a simulation of the complete model could be run at a later stage with the right 
resources and computer power to allow quick and accurate simulations. 
5.7 Computer Cluster 
Another alternative option was investigated to try and reduce the simulation time. 
The UCT -CERN Research Centre in the Physics Department at the University of Cape 
Town, South Africa, has a cluster of 20 computers that is used to run jobs in parallel. 
Becker et al. (2004) explain that these 20 nodes are stacked on a 5-level rack, capable of 
6 boxes per level with 3 switches. Ethernet cables machined into the frame of the rack 
allow the nodes to connect to the server via a fast Ethernet switch, capable of handling a 
total of 26 connections. This number is made up of 24 10/100 MBs ports and 2-gigabit 
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ports to the backp1ane, which are unused. Typica1 disk Input/Output rates ofMonte-Car1o 
simu1ations are about 100 MB/min, per event, which trans1ates to a required bandwidth of 
25 MB/s when a]] nodes are accessing NFS-mounted v01umes. This bandwidth is easi1y 
saturated on a 1011 00 MB/s subnet, and hence the requirement to write data to a 10ca1 
disk, instead of an NFS-mounted one. 
From the ABAQUS documentation it can be estabJished that the use of domain 
para]]eJization with genera1 contact a]]ows the contact computations to be sp1it across 
domains so the para]]e1 performance can be great1y improved. The mode1 is sp1it into a 
number of top010gica1 domains. These domains are referred to as para]]e1 domains to 
distinguish them from other domains associated with the ana1ysis. The domains are 
distributed even1y among the avaHab1e processors or "nodes" as they are ca]]ed. The 
ana1ysis is then carried out independent1y in each domain. However, information must be 
passed between the domains in each time increment because the domains share common 
boundaries. 
The domain-1eve1 method divides the mode1 so that the resu1ting domains take 
approximate1y the same amount of computationa1 expense. The 10ad ba1ance is defmed as 
the ratio of the computationa1 expense of the most expensive domain to that of the 1east 
expensive domain. E1ement and node sets are created for each domain and cannot be 
inspected during the simu1ation process. The ana1ysis resu1ts are independent of the 
number of processors used for the ana1ysis. However, the resu1ts do depend on the 
number of para]]e1 domains used during the domain decomposition. The number of 
para]]e1 domains can be set on the command Jine. 
There are however a few 1imitations concerning the domain decomposition. 
Certain features cannot be spJit across domains. The domain decomposition a1gorithm 
automatica]]y takes this into account and forces these features to be contained entire1y 
within one domain. Even if the a1gorithm succeeds in creating the requested number of 
domains, the 10ad may be ba1anced uneven1y. Contact pairs that use the pena1ty contact 
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algorithm require that the associated nodes be part of a single parallel domain, but these 
nodes may also be part of other parallel domains. Analyses in which a large percentage of 
nodes are involved in contact may not scale well when contact pairs are used. 
The general contact algorithm has minimal effect on the domain decomposition in most 
cases. If a rigid body is part of the general contact domain, the entire rigid body is forced 
into a single parallel domain; however, all rigid bodies having general contact need not 
be assigned to the same domain. In most cases this restriction for rigid bodies does not 
cause a load imbalance, although a rigid body with a large number of nodes and faces or 
that spans a large region of the model, can degrade the load balance. 
To run ABAQUS in parallel on a cluster of computers with a message-passing interface 
(MPI), it may be necessary to install middleware to facilitate inter-processor 
communication. This would assist in the even distribution of workload over all the nodes 
and en~ure fast and effective simulations. 
Permission to use the cluster was obtained from the UCT -CERN Research Centre and 
ABAQUS was installed on the host computer. Certain alterations had to be made to the 
ABAQUS environment file to allow it to use the correct version of MPI and Linux 
(RedHat 9). The first small assembly was used to run a simulation on the cluster. The 
simulation was first run on a single processor, so that a comparison could be made 
between the run times of a simulation performed on one processor versus the ones done 
on a number of nodes. Two simulations were run on the computer cluster, one with 4 
nodes and one with 6 nodes. The idea was first to see how the simulation scaled as the 
number of processors was increased. All hope of using the computer cluster soon 
vanished due to a memory shortage of the host machine. The host machine had to split 
the model up into certain domains and then allocate them to different machines. This was 
done without any difficulty and the simulation started running on all specified nodes. 
However, the host machine was also used as a domain in order for ABAQUS to recognise 
its licence throughout the simulation. Output data were also written to a file on the host 
machine throughout the simulation, meaning that the information froma II the domains 
105 
bottlenecked at the main node. All of this caused memory of the host machine to be used 
up and the system crashed time after time. The simulation did however manage to get 
through 4 of the 200 step~ and a comparison could be made with the run done on a single 
processor. Table 5.1 provides a comparison of the three simulations. 
Table 5.1 Comparison between cluster and single processor 
Number of processors 1 4 6 
Weight per domain 100% ±25% ± 16.5% 
Time taken per step 2 min 15 sec. 30 sec. 
Estimated completion time 9h 20min 1h lOmin 2h 20min 
The simulations times come down considerably with the use of the cluster, and parallel 
processing could definitely be used to run a simulation that i~ computationally as 
expensive as this one. What is interesting to note from these comparisons in Table 5.1 is 
the fact that the simulation was faster with four processors than with six processors. This 
could be ascribed to the fact that the model consists of so many nodes and elements with 
a lot of contact between them. These domains have to communicate constantly with each 
other to check the contact between the elements of the different parts within the model. 
The use of rigid body parts and the penalty contact algorithm also contributes to the 
s~aling of the simulation. As the number of processors increases, the model is split into 
more domains, which means that the network traffic increases, as more and more inter-
domain communication has to take place. The scaling is thus governed by the speed of 
the network connecting all the domains. Unfortunately the network speeds of this specific 
cluster are not very high and the system is quickly saturated. This is why simulations are 
faster on four nodes than on six. The difficulty is thus to find the optimal number of 
processors that should be used for a simulation run in parallel. There was no way that this 
problem could be fixed; neither the memory of the host computer nor the network speed 
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could be increased and therefore the use of the cluster for this simulation was not 
feasible. 
However, it is still believed that a computer cluster could be used to improve the run 
. times of a job like this. Each node of the cluster would have to be very powerful 
computationally, especially the host node. It is also crucial that a fast network connection 
is made between each of the domains, since slow inter-node communication was what 
reduced the effectiveness of the UeT cluster. Big computer clusters with extremely 
effective communication between each processor and a high computing power definitely 




The use of finite element modelling has been shown to have many advantages with 
regards to the modelling of complex systems such as the stent delivery mechanism. It has 
also been shown that this kind of model is computationally extremely expensive and that 
certain compromises or assumptions have to be made to ensure reasonable run times. 
A tri-folded balloon geometry was successfully modelled within ABAQUS/CAE and the 
3-D model created with membrane elements. A mapping algorithm was used to map the 
2-D coordinates of a flat stent drawing into a 3-D cylindrical coordinate system in order 
to obtain a round and closed stent. The stent was modelled with shell elements and it was 
shown that the size of the stent could be changed without any difficulty. Two stents were 
modelled. The first was in the form of an already crimped stent, meaning that it had the 
dimensions of a typical stent after crimping. The other was an uncrimped stent model that 
had the dimensions of a stent in its uncrimped form. The inner lumen was also 
successfully modelled with shell elements. The guide wire that fits inside the inner lumen 
was modelled as a discrete rigid body. The crimping machine used to crimp the stents 
onto the balloons was then successfully modelled as 12 discrete rigid body plates, which 
were arranged in circumferential fashion. They could be displaced radially to crimp the 
stent. 
Simulations of the balloon inflation were performed and by applying the pressure 
uniformly on the inner surface of the balloon the stent was successfully deployed. It was 
shown that the stent first went through an elastic stage and was then past its yield strength 
to plastically deform into its new shape and diameter. It was also found that the inflating 
balloon and stent took on a triangular shape during deployment and that out-of-plane 
bending was experienced at the hairpin bends connecting the stent struts. The uncrimped 
stent was then successfully crimped onto the folded balloon with the crimping tool. Only 
one quarter of the complete model was used because of computational limitations due to 
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shortage of time and processing power. The stent's inner surface created square facets 
during the crimp, which made it extremely difficult to obtain the correct crimping 
distance, in order to prevent over-closure of the balloon surfaces. The final shape of the 
crimped stent correlated well with the predicted form as calculated by DISA Vascular. 
The velocities of the stent and balloon, generated by the inertial effects due to mass 
scaling, were successfully equalled to zero after the crimp step. It was found that when 
the crimping tool plates were removed the stent followed for a short distance. This 
implied that the stent had stored energy and, with the release of the crimping tool, it 
sprung back. After this step, the stent started to experience small oscillating movements. 
The balloon was again successfully inflated and the stent deployed as required. 
Although the project was unable to obtain the reasons for the stent shooting off the 
balloon, it demonstrated that this analysis could be used for stent design and to explore 
the reasons for the dislodging stent. It has been shown that finite element modelling can 
be used to understand possible failures in the stent deployment system. The simulation of 
this system also gave very good insights into possible reasons for the failure of the stent, 
in that it was shown where the highest stress localisations occur. The shape of the 
deploying stent and baBoon, as well as the out-of-plane deformation of the stent during 
expansion, were shown to have potentially dangerous implications for a patient receiving 
a stent to restore blood flow in a blocked vessel. Good insight was also gained about 
possible reasons for the stent shooting off the balloon although it was found that there 
could be a number of factors contributing to this phenomenon. 
The finite element model can also be used to investig~te the effects of certain alterations 
in the stent design, for instance, changes in stent strut dimensions and material properties, 




As mentioned in Section 5.5, the simulation process was computationa]]y very expensive 
and due to a shortage in computing power and time, the fu]] analysis could not be 
completed. However, from what was learned by modeHing and simulation, a few 
important recommendations can be made to assist with future work in this fie1d: 
• It is very important to have a good understanding of the finite e1ement method and 
the ABAQUS software package. A combination of these two would ensure that 
the problem is simulated as reaHsticaHy as possible. 
• Obtain a computer that is computationa1ly powerful enough to handle ajob of this 
size and which could run the job in a more reasonable time. A computer dedicated 
to this simulation would be idea1. 
• Further investigate the possibility of using a paraHel computer cluster, which has 
more memory, and faster network connections between the individual nodes. 
• Model a blocked artery around the stentfba]]oon assembly to simulate the 
response of the artery to the deploying stent. 
• It is believed that by re-crimping the stent another two times, it may be possible 
minimize or even eliminate the spring back and resultant osciHation of the stent 
when the crimping tool is removed. 
• Model the uneven pressure distribution on the inner-surface of the ba]]oon during 
its inflation. This could be one of the main reasons for the stent shooting otT the 
ba]]oon during deployment. 
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• Perform an in-depth investigation of the frictional interaction between the stent 
and balloon during crimping and deployment. 
• Model an air gap between the folded balloon surfaces. 
Although the exact reason for the stent shooting off the balloon could not be obtained 
from this study, valuable insight was gained about possible reasons for this phenomenon. 
These factors could be incorporated into the stent model to try and induce the dislodging 
of the stent. The following factors could contribute to a stent shooting off: 
• Stent is crimped non-centrally onto the folded balloon 
• Internal pressure is not uniform 
• Balloon folding is not uniform 
• Contact between the stent and the balloon is uneven 
• Balloon folds are asymmetrical due to the compressive force exerted by the 
crimped stent 
• Imperfections in the balloon material 
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APPENDIX B: MATERIAL PROPERTIES 
plastic material properties PAil - Polyamide (Nylon) II Page I of2 
plasticsusa.com 
home .. polymer science .. medical polymers .. discussion page .. resin suppliers .• 
processors .. moldmakers .. eqUipment .. classifieds 
I~~"~-----------------------
PAll - Polyamide (Nylon) 11 
LEGEND 
A = amorpbous - Cr = crystalline - C = clear - E = excellent - G = good - P = poor - 0 = opaque - T 
= translucent- R = Rockwell - S = Shore 
STRUCTURE: Cr 
SPECIFIC DENSITY: 1.04 
WATER ABSORBTION RATE (%): 0.4 
ELONGATION (%): 300 
TENSILE STRENGTH (psi): SOOO 
COMPRESSION STRENGTH (psi): 7900 
FLEXURAL STRENGTH (psi): 6000 
FLEXURAL MODULUS (psi): 145000 
IMPACT (IZOD ft. 1bs/in): 1.S 
HARDNESS: RIDS 
FABRICATION 
- BONDING: G 
- ULTRASONIC WELDING: P 
- MACHINING: P 
DEFLECTION TEMPERATURE (deg. F) 
- @ 66 psi: 266 
- @ 264 psi: 302 
UTILZATION TEMPERATURE (deg. Fl 
- min: -94 
- max: 176 
MELTING POINT (deg. F): 365 
COEFFICIENT OF EXPANSION: 0.000072 
ARC RESISTANCE: 120 
DIELECTRIC STRENGTH (kV/mm): 17 
TRANSPARENCY: 0 
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Ark.ma Pebax® MX 1205 SN 01 Poly.tber Block Amide (PEBA) (Dry) 
Subcategory: Elastomer, TPE; Potyether Block Amide (PEBA); Polymer; Thennoplastic 
Close Analogs: 
Arkema, fonned in 2004, was fonnerly Atofina Chemicals and before that Elf Atochem. 
Key Words: Thermoplastic Elastomer, TPE 
Material Notes: 
POLYETHER BLOCK AMIDE (PEBA) hardness 40 shore D Non plasticized flexible Polyamide Outstanding 
mechanical properties at low temperature (-40°C) Applications: molded parts for sport goods (softness, nice 
touch feeling .. . ) Industrial (damping properties, overmolding, resiliency ... ) 




Density 1.01 pice 0.0365 tb/in' 
Water Absorpt ion 1.5% 1.5 % 
Moisture Absorption al Equilibrium 0.4 % 0.4% Hum idity Absorption 
Melt Flow 14 gi lD min 14 gi lD min 235D CII kg load 
Mechanical Properties 
Hardness. Shore D 40 40 
Tensile Strength. Yield 6,9 MPa 1000 psi at 50% Sirai n; 50 rom/min 
Tensi le Modulus 0.065 GPa 9.43 ksi 1 mmlmin 
Electrical Properties 
Elcctrical Resistivity 1.57e+O 13 ohm~em 1.57e+0 13 ohm-em 
Surface Resistance 6.98e+012 ohm 6.98c+012ohl1l 
Dielectric Strength 43 kV/rnm 1090 kVfi n 
Dissipation Factor 0.00059 0 .00059 1 MHz 
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APPENDIX C: INPUT DECKS FOR ABAQUS 
The nodes and elements are not displayed in these input decks, but are included in the 
complete input deck files written to CD. 
Cl Test model 
Heading 
Job name: Test model Model name: Model-1 

























Surface Behavior, pressure-overclosure=HARD 
Surface Interaction, name=Balloon-shell 
Surface Behavior, pressure-overclosure=HARD 
BOUNDARY CONDITIONS 
Name: x-symmetry Type: Symmetry/ AntisymmetrylEncastre 
Boundary 
x-symm, XSYMM 
Name: y-fix Type: DisplacementIRotation 
Boundary 




Contact Inclusions, ALL ELEMENT BASED 









Mass Scaling: Semi-Automatic 
Whole Model 
Fixed Mass Scaling, factor=1000. 
LOADS 
Name: Pressure Type: Pressure 
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Dsload, amplitude~Amp-1 
balloon-inner, P, 2.045e+06 
OUTPUT REQUESTS 
Restart, write, number interval=l, time marks=NO 
FIELD OUTPUT: F-Output-l 
Output, field, variable=PRESELECT 
HISTORY OUTPUT: H-Output-l 
Output, history, variable=PRESELECT 
End Step 
C2 First small assembly 
Heading 
Job name: First small assembly Model name: model-l 
























Surface Interaction, name=Contact 
Friction 
0.1, 
Surface Behavior, pressure-overc1osure=HARD 
BOUNDARY CONDITIONS 
Name: fix lumen Type: Symmetry/AntisymmetrylEncastre 
Boundary 
"lumen rp", ENCASTRE 
Name: fixed Type: DisplacementIRotation 
Boundary 
Edges-I, 3, 3 
Name: fixed 2 Type: DisplacementIRotation 
Boundary 




Contact Inclusions, ALL ELEMENT BASED 
Contact property assignment 
, ,Contact 
STEP: Blow up balloon 
Step, name="Blow up balloon" 







Mass Scaling: Semi-Automatic 
Whole Model 
Fixed Mass Scaling, factor=lOOOOO. 
LOADS 
Name: Load-l Type: Pressure 
Dsload, amplitude=Amp-l 
Balloon-inner, P, 910600. 
OUTPUT REQUESTS 
Restart, write, number intervai=l, time marks=NO 
FIELD OUTPUT: F-Output-l 
Output, field, variable=PRESELECT, number intervals=200 
HISTORY OUTPUT: H-Output-l 
Output, history, variable=PRESELECT 
End Step 
C3 Full Assembly 
Heading 
Job name: full assembly Model name: full assembly 
























































Surface Interaction, name=contact 
Friction 
0.1, 
Surface Behavior, pressure-overclosure=HARD 
BOUNDARY CONDITIONS 
Name: lumen_edge Type: DisplacementiRotation 
Boundary 
lumen_edge, 3, 3 






Contact Inclusions, ALL ELEMENT BASED 
Contact property assignment 
, ,contact 
Surface property assignment, property=THICKNESS 
stent-inner, ORIGINAL, 1. 
stent-outer , ORIGINAL, 1. 
bal1oon-outer, ORIGINAL, 1. 








Mass Scaling: Semi-Automatic 
Whole Model 
Fixed Mass Scaling, factor=lOO. 
BOUNDARY CONDITIONS 
Name: disp-l Type: DisplacementIRotation 
Boundary, amplitude=Amp-l 
crimpingtooJJefpt-l, 1, 1, -0.00065 
crimpingtooIJefpt-l, 2, 2 
crimpingtooIJefpt-l, 3, 3 
crimpingtooIJefpt-l, 4, 4 
crimpingtooIJefpt-l, 5,5 
crimpingtooIJefpt-l, 6, 6 
Name: disp-l 0 Type: Displacement/Rotation 
Boundary, amplitude=Amp-l 
crimpingtooIJefpt-lO, I, I, -0.00065 
crimpingtooIJefpt-l0, 2, 2 
crimpingtooIJefpt-l0, 3, 3 
crimpingtooIJefpt-l0, 4, 4 
crimpingtooIJefpt-l0, 5, 5 
crimpingtooIJefpt-l0, 6, 6 
Name: disp-ll Type: DisplacementIRotation 
Boundary, ampiitude=Amp-l 
crimpingtooJ Jefpt-ll, J, 1, -0.00065 
crimpingtooIJefpt-ll, 2, 2 
crimpingtooIJefpt-ll, 3, 3 
crimpingtool_refpt-ll, 4, 4 
crimpingtooIJefpt-ll, 5, 5 
crimpingtool_refpt-ll, 6, 6 
Name: disp-12 Type: DisplacementIRotation 
Boundary, ampiitude=Amp-l 
crimpingtool_refpt-12, 1, I, -0.00065 
crimpingtooIJefpt-12, 2, 2 
crimpingtool Jefpt-12, 3, 3 
crimpingtooIJefpt-12, 4, 4 
crimpingtool_refpt-12, 5, 5 
crimpingtooCrefpt-12, 6, 6 
Name: disp-2 Type: DisplacementIRotation 
Boundary, amplitude=Amp-l 
crimpingtool refut-2, 1, 1, -0.00065 
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crimpingtooIJefpt-2, 2, 2 
crimpingtooIJefpt-2, 3, 3 
crimpingtooIJefpt-2, 4, 4 
crimpingtooIJefpt-2, 5, 5 
crimpingtooIJefpt-2, 6, 6 
Name: disp-3 Type: DisplacementIRotation 
Boundary, amplitude=Amp-l 
crimpingtooIJefpt-3, 1, 1, -0.00065 
crimpingtooIJefpt-3, 2, 2 
crimpingtool_refpt-3, 3, 3 
crimpingtooIJefpt-3, 4, 4 
crimpingtooIJefpt-3, 5, 5 
crimpingtool_refpt-3, 6,6 
Name: disp-4 Type: DisplacementIRotation 
Boundary, amplitude=Amp-l 
crimpingtooIJefpt-4, 1, 1, -0.00065 
crimpingtooIJefpt-4, 2, 2 
crimpingtooIJefpt-4, 3, 3 
crimpingtooIJefpt-4, 4, 4 
crimpingtooLrefpt-4, 5, 5 
crimpingtooIJefpt-4, 6, 6 
Name: disp-5 Type: DisplacementIRotation 
Boundary, amp Iitude= Amp-l 
crimpingtooIJefpt-5, 1, 1, -0.00065 
crimpingtooIJefpt-5, 2, 2 
crimpingtooIJefpt-5, 3, 3 
crimpingtooIJefpt-5, 4, 4 
crimpingtool_refpt-5, 5, 5 
crimpingtooIJefpt-5, 6, 6 
Name: disp-6 Type: DisplacementIRotation 
Boundary, ampl itude=Amp-l 
crimpingtooIJefpt-6, 1, 1, -0.00065 
crimpingtoolJefpt-6, 2,2 
crimpingtooIJefpt-6, 3, 3 
crimpingtooIJefpt-6, 4, 4 
crimpingtool_refpt-6, 5, 5 
crimpingtoolJefpt-6, 6, 6 
Name: disp-7 Type: DisplacementIRotation 
Boundary, amplitude=Amp-l 
crimpingtoolJefpt-7, 1, 1, -0.00065 
crimpingtooIJefpt-7, 2, 2 
crimpingtool_refpt-7, 3,3 
crimpingtool_refpt-7, 4, 4 
crimpingtooIJefpt-7, 5, 5 
crimpingtooIJefpt-7, 6, 6 
Name: disp-B Type: DisplacementIRotation 
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Boundary, amplitude=Amp-l 
crimpingtooIJefpt-8, 1, 1, -0.00065 
crimpingtooIJefpt-8, 2, 2 
crimpingtooIJefpt-8, 3, 3 
crimpingtooIJefpt-8, 4, 4 
crimpingtooIJefpt-8, 5, 5 
crimpingtooIJefpt-8, 6, 6 
Name: disp-9 Type: DisplacementIRotation 
Boundary, amplitude=Amp-1 
crimpingtooIJefpt-9, 1, 1, -0.00065 
crimpingtooIJefpt-9, 2,2 
crimpingtooIJefpt-9, 3, 3 
crimpingtooIJefpt-9, 4, 4 
crimpingtooIJefpt-9, 5, 5 
crimpingtooIJefpt-9, 6, 6 
OUTPUT REQUESTS 
Restart, write, number interval=l, time marks=NO 
FIELD OUTPUT: F-Output-l 
Output, field, variable=PRESELECT 
HISTORY OUTPUT: H-Output-l 
Output, history, variable=PRESELECT 
End Step 
STEP: zero velocity 





Mass Scaling: Semi-Automatic 
Whole Model 
Fixed Mass Scaling, factor=] 00. 
BOUNDARY CONDITIONS 
Name: zero velocity-balloon Type: Velocity/Angular velocity 
Boundary, type=VELOCITY 
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balloon, 1, 1 
balloon,2,2 
balloon, 3,3 
Name: zero velocity-stent Type: Velocity/Angular velocity 
Boundary, type=VELOCITY 
stent, 1, 1 
stent, 2, 2 
stent, 3, 3 
OUTPUT REQUESTS 
Restart, write, number interval= 1, time marks=NO 
FIELD OUTPUT: F-Output-l 
Output, field, variable=PRESELECT, number intervals= 1 
mSTORY OUTPUT: H-Output-l 








Mass Scaling: Semi-Automatic 
Whole Model 
Fixed Mass Scaling, factor-l 00. 
BOUNDARY CONDITIONS 
Name: disp-l Type: DisplacementiRotation 
Boundary, op=NEW, amplitude=Amp-2 
crimpingtooIJefpt-l, 1, 1, 1. 
crimpingtooIJefpt-l, 2,2 
crimpingtooIJefpt-l, 3,3 
crimpingtool_refpt-l, 4, 4 
crimpingtooIJefpt-l, 5, 5 
crimpingtool_refpt-l, 6, 6 
I Name: dis -lOT e: Dis lacementiRotation 
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Boundary, op=NEW, ampJitude=Amp-2 
crimpingtooIJefpt-lO, I, I, l. 
crimpingtooLrefpt-IO, 2, 2 
crimpingtooLrefpt-lO, 3, 3 
crimpingtoolJefpt-IO, 4, 4 
crimpingtoolJefpt-lO, 5, 5 
crimpingtoolJefpt-lO, 6, 6 
Name: disp-II Type: DisplacementiRotation 
Boundary, op=NEW, amplitude=Amp-2 
crimpingtoolJefpt-ll, I, I, 1. 
crimpingtooIJefpt-ll, 2, 2 
crimpingtooIJefpt-ll, 3, 3 
crimpingtool refpt-ll, 4, 4 
crimpingtooIJefpt-ll, 5, 5 
crimpingtooLrefpt-ll, 6, 6 
Name: disp-12 Type: DisplacementiRotation 
Boundary, op=NEW, amplitude=Amp-2 
crimpingtooLrefpt-12, 1, 1, l. 
crimpingtooLrefpt-12, 2, 2 
crimpingtooIJefpt-12, 3, 3 
crimpingtooIJefpt-12, 4,4 
crimpingtooIJefpt-12, 5, 5 
crimpingtooIJefpt-12, 6, 6 
Name: disp-2 Type: DisplacementiRotation 
Boundary, op=NEW, amplitude=Amp-2 
crimpingtooIJefpt-2, 1, I, 1. 
crimpingtool_refpt-2, 2, 2 
crimpingtool_refpt-2, 3, 3 
crimpingtoolJefpt-2, 4, 4 
crimpingtooLrefpt-2, 5, 5 
crimpingtool_refpt-2, 6, 6 
Name: disp-3 Type: DisplacementiRotation 
Boundary, op=NEW, amplitude=Amp-2 
crimpingtoolJefpt-3, 1, 1, 1. 
crimpingtoolJefpt-3, 2, 2 
crimpingtooLrefpt-3, 3, 3 
crimpingtooLrefpt-3, 4, 4 
crimpingtoolJefpt-3, 5, 5 
crimpingtooIJefpt-3, 6, 6 
Name: disp-4 Type: DisplacementiRotation 
Boundary, op=NEW, amplitude=Amp-2 
crimpingtooIJefpt-4, 1, 1, 1. 
crimpingtool Jefpt-4, 2, 2 
I 
crimpingtool_refpt-4, 3, 3 
crimpingtooIJefpt-4, 4, 4 
• crimpingtool refpt-4, 5, 5 
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crimpingtooIJefpt-4, 6,6 . 
Name: disp-5 Type: DisplacementIRotation 
Boundary, op=NEW, amplitude=Amp-2 
crimpingtoolJefpt-5, 1, 1, 1. 
crimpingtooIJefpt-5, 2, 2 
crimpingtool_refpt-5, 3, 3 
crimpingtooIJefpt-5, 4, 4 
,crimpingtool_refpt-5, 5, 5 
crimpingtooIJefpt-5, 6, 6 
Name: disp-6 Type: DisplacementIRotation 
Boundary, op=NEW, ampJitude=Amp-2 
crimpingtool_refpt-6, 1, 1, 1. 
crimpingtooIJefpt-6, 2,2 
crimpingtooIJefpt-6, 3, 3 
crimpingtool_refpt-6, 4, 4 
crimpingtool_refpt-6, 5, 5 
crimpingtool_refpt-6, 6, 6 
Name: disp-7 Type: Displacement/Rotation 
Boundary, op=NEW, amplitude=Amp-2 
crimpingtooIJefpt-7, 1, 1, 1. 
crimpingtooIJefpt-7, 2, 2 
crimpingtooIJefpt-7, 3, 3 
crimpingtool_refpt-7, 4, 4 
crimpingtool_refpt-7, 5, 5 
crimpingtool_refpt-7, 6, 6 
Name: disp-8 Type: Displacement/Rotation 
Boundary, op=NEW, amplitude=Amp-2 
crimpingtool_refpt-8, 1, 1, 1. 
crimpingtooIJefpt-8, 2, 2 
crimpingtoolJefpt-8, 3,3 
crimpingtooIJefpt-8, 4, 4 
crimpingtooIJefpt-8, 5, 5 
crimpingtool_refpt-8, 6, 6 
Name: disp-9 Type: Displacement/Rotation 
Boundary, op=NEW, amplitude=Amp-2 
crimpingtool_refpt-9, 1, 1, L . 
crimpingtooIJefpt-9, 2, 2 
crimpingtooIJefpt-9, 3, 3 
! crimpingtooIJefpt-9, 4, 4 
crimpingtooIJefpt-9, 5,5 
crimpingtool_refpt-9, 6, 6 
Name: lumen_edge Type: DisplacementIRotation 
Boundary,op=NEW 
lumen_edge, 3, 3 
Name: wire-edge fix-2 Type: Symmetry/AntisymmetrylEncastre 
Bound ,0 =NEW 
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guide-wire-refpnt, ENCASTRE 
Name: zero velocity-balloon Type: Velocity/Angular velocity 
Boundary, op=NEW, type=VELOCITY 
balloon, I, 1 
balloon,2,2 
balloon, 3,3 
Name: zero velocity-stent Type: Velocity/Angular velocity 
Boundary,op=NEW 
OUTPUT REQUESTS 
Restart, write, number interval=l, time marks=NO 
FIELD OUTPUT: F-Output-I 
Output, field, variable=PRESELECT 
HISTORY OUTPUT: H-Output-I 









Name: disp-I Type: DisplacementIRotation 
Boundary, op=NEW, ampJitude=Amp-2 
crimpingtooIJefpt-l, I, I, 1. 
crimpingtooLrefpt-l, 2, 2 
crimpingtooIJefpt-l, 3, 3 
crimpingtooIJefpt-l, 4,4 
crimpingtooIJefpt-l, 5, 5 
crimpingtoolJefpt-l, 6, 6 
Name: disp-1O Type: DisplacementIRotation 
Boundary, op=NEW, amplitude=Amp-2 
crimpingtooIJefpt-IO, 1, 1, 1. 
crimpingtool refpt-IO, 2, 2 
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crimpingtooIJefpt-lO, 3, 3 
crimpingtooIJefpt-l0, 4, 4 
crimpingtooIJefpt-l0, 5, 5 
crimpingtool Jefpt-l 0, 6, 6 
Name: disp-ll Type: DisplacementiRotation 
Boundary, op=NEW, amplitude=Amp-2 
crimpingtooIJefpt-l1, 1, 1, 1. 
crimpingtool Jefpt-ll, 2, 2 
crimpingtooCrefpt-ll, 3, 3 
crimpingtooIJefpt-ll, 4, 4 
crimpingtool_ refpt-l1, 5, 5 
crimpingtool Jefpt-ll, 6, 6 
Name: disp-12 Type: DisplacementiRotation 
Boundary, op=NEW, ampJitude=Amp-2 
crimpingtool_refpt-12, 1, 1, 1. 
crimpingtool_refpt-12, 2,2 
crimpingtoolJefpt-12, 3, 3 
crimpingtooIJefpt-12, 4, 4 
crimpingtool refpt-12, 5, 5 
crimpingtooIJefpt-12, 6, 6 
Name: disp-2 Type: DisplacementiRotation 
Boundary, op=NEW, amplitude=Amp-2 
crimpingtool_refpt-2, 1, 1, 1. 
crimpingtooIJefpt-2, 2, 2 
crimpingtool_refpt-2, 3, 3 
crimpingtool_refpt-2, 4, 4 
crimpingtooIJefpt-2, 5, 5 
crimpingtooIJefpt-2, 6, 6 
Name: disp-3 Type: DisplacementiRotation 
Boundary, op=NEW, amplitude=Amp-2 
crimpingtoo]Jefpt-3, 1, 1, 1. 
crimpingtooIJefpt-3, 2,2 
crimpingtooIJefpt-3, 3, 3 
crimpingtool_refpt-3, 4, 4 
crimpingtool_refpt-3, 5, 5 
crimpingtooCrefpt-3, 6, 6 
Name: disp-4 Type: Disp]acementiRotation 
Boundary, op=NEW, amplitude=Amp-2 
crimpingtooIJefpt-4, 1, 1, 1. 
crimpingtooIJefpt-4, 2, 2 
crimpingtooIJefpt-4, 3, 3 
crimpingtooIJefpt-4, 4, 4 
crimpingtooIJefpt-4, 5, 5 
crimpingtool_ refpt-4, 6, 6 
Name: disp-5 Type: DisplacementiRotation 
Bounda ,op=NEW, am litude=Amp-2 
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crimpingtool Jefpt-5, I, I, 1. 
crimpingtool Jefpt-5, 2, 2 
crimpingtooIJefpt-5, 3, 3 
crimpingtooIJefpt-5, 4, 4 
crimpingtooIJefpt-5, 5, 5 
crimpingtooIJefpt-5, 6, 6 
Name: disp-6 Type: DisplacementiRotation 
Boundary, op=NEW, amplitude=Amp-2 
crimpingtooIJefpt-6, I, I, 1. 
crimpingtooIJefpt-6, 2, 2 
crimpingtooIJefpt-6, 3, 3 
crimpingtooIJefpt-6, 4, 4 
crimpingtooIJefpt-6, 5, 5 
crimpingtooIJefpt-6, 6, 6 
Name: disp-7 Type: DisplacementiRotation 
Boundary, op=NEW, amplitude=Amp-2 
crimpingtooC refpt-7, I, I, 1. 
crimpingtooIJefpt-7, 2, 2 
crimpingtooIJefpt-7, 3, 3 
crimpingtooIJefpt-7, 4, 4 
crimpingtooIJefpt-7, 5, 5 
crimpingtooIJefpt-7, 6,6 
Name: disp-8 Type: DisplacementiRotation 
Boundary, op=NEW, amplitude=Amp-2 
crimpingtooIJefpt-8, I, I, 1. 
crimpingtooIJefpt-8, 2, 2 
crimpingtool_ refpt-8, 3, 3 
crimpingtooIJefpt-8, 4, 4 
crimpingtooIJefpt-8, 5, 5 
crimpingtoolJefpt-8, 6, 6 
Name: disp-9 Type: DisplacementiRotation 
Boundary, op=NEW, amplitude=Amp-2 
crimpingtooIJefpt-9, 1, 1, 1. 
crimpingtooIJefpt-9, 2, 2 
crimpingtooIJefpt-9, 3, 3 
crimpingtooIJefpt-9, 4, 4 
crimpingtool_refpt-9, 5, 5 
crimpingtooIJefpt-9, 6, 6 
Name: lumen_edge Type: DisplacementiRotation 
Boundary,op=NEW 
lumen_edge, 3, 3 
Name: wire-edge fix-2 Type: Symmetry/AntisymmetrylEncastre 
Boundary,op=NEW 
guide-wire-refpnt, ENCASTRE 
Name: zero velocity-balloon Type: Velocity/Angular velocity 
Boundary,op=NEW 
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Name: zero-velocity-balloon-2 Type: Velocity/Angular velocity 
Boundary, op=NEW, type=VELOCITY 
balloon-edge, 3, 3 
LOADS 
Name: pressure Type: Pressure 
Dsload, amplitude=Amp-3 
balloon-inner, P, 600000. 
OUTPUT REQUESTS 
Restart, write, number interval=l, time marks=NO 
FIELD OUTPUT: F-Output-l 
Output, field, variable=PRESELECT, number intervals=40 
HISTORY OUTPUT: H-Output-l 
Output, history, variable=PRESELECT 
End Step 
C4 Offset stent simulation 
Heading 
Job name: offset stent assembly Model name: offest stent assembly 































Surface Interaction, name=Contact 
Friction 
0.1, 
Surface Behavior, pressure-overclosure=HARD 
BOUNDARY CONDITIONS 
Name: Balloon-fix-1 Type: DisplacementJRotation 
Boundary 
"Balloon edges-2", 3, 3 
Name: Balloon-fix-2 Type: DisplacementJRotation 
Boundary 
139 
Name: fix lumen Type: Symmetry/ AntisymmetrylEncastre 
Boundary 




Contact Inclusions, ALL ELEMENT BASED 
Contact property assignment 
, ,Contact 
STEP: Blow up balloon 
Step, name="Blow up balloon" 





Mass Scaling: Semi-Automatic 
Whole Model 
Fixed Mass Scaling, factor= 1 00000. 
LOADS 
Name: Load-l Type: Pressure 
Dsload, amplitude=Amp-l 
Balloon-inner, P, 910600. 
OUTPUT REQUESTS 
Restart, write, number interval=l, time marks=NO 
FIELD OUTPUT: F-Output-l 
Output, field, variable=PRESELECT, number intervals=200 
HISTORY OUTPUT: H-Output-l 




Bathe K-J (1976), Numerical methods in finite element analysis, Prentice-Hall, Inc., 
Englewood Cliffs, New Jersey 07632 
Bathe K-J (1982), Finite element procedures in engineering, Prentice-Hall, Inc., 
Englewood Cliffs, New Jersey 07632 
Becker B, Homer MJN (2004), "C.A.R.M.E.N.: A General-Purpose Computing Facility 
For Scientific Research Using OSCAR", Proceedings of the 2nd Annual OSCAR 
Symposium (OSCAR2004), Winnipeg, Manitoba Canada, 16-19 May, 2004 
Belytschko T, Liu WK, Moran B (2000), Nonlinear finite elements for continua and 
structures, John Wiley & Sons, Inc., The Atrium, Southern Gate, Chichester, West 
Sussex PO 19 8SQ, England 
David Chua SN, Mac Donald BJ, Hashmi MSJ (2001), "Finite-element simulation of 
stent expansion", Journal of Materials Processing Technology, Vol. 120, pp. 335-340 
David Chua SN, Mac Donald BJ, Hashmi MSJ (2003), "Finite element simulation of 
stent and balloon interaction", Journal of Materials Processing Technology, Vo1.143-
144, pp. 591-597 
Cook RD, Malkus DS, Plesha ME, Witt RJ (2002), Concepts and applications of finite 
element analysis, Fourth Edition, John Wiley & Sons, Inc., Canada 
Cook RD (1995), Finite element modelling for stress analysis, John Wiley & Sons, Inc., 
Canada 
141 
Cebral JR, Lohner R, Choyke PL, Yim PJ (2001), "Merging of intersections for finite 
element modeling", Journal of Biomechanics, Vol. 34, pp. 815-819 
Cook RD (1995), Finite Element modelling for stress analysis, John Wiley & Sons Inc., 
USA 
Dumoulin C, Cochelin B (2000), "Mechanical behaviour modelling of balloon-
expandable stents", Journal of Biomechanics, Vol. 33, pp. 1461-1470 
Etave F, Finet G, Boivin M, Boyer J-C, Rioufol G, Thollet G (2001) "Mechanical 
properties of coronary stents determined by using finite element analysis", Journal of 
Biomechanics, Vo1.34, pp. 1065-1075 
Migliavacca F, Petrini L, Colombo M, Auricchio F, Pietrabissa R (2002), "Mechanical 
behaviour of coronary stents investigated through the finite element method", Journal of 
Biomechanics, Vol. 35, pp. 803-811 
Oh S, Kleinberger M, McElhaney m (1994), "Finite-Element analysis of balloon 
angioplasty", Medical and Biological Engineering and Computing, Vo1.32, pp. S108-
S114 
Prendergast PJ, Lally C, Dally S, Reid AJ (2003), "Analysis of Prolapse in 
Cardiovascular Stents: A Constitutive Equation for Vascular Tissue and Finite-Element 
Modelling", Transactions of the ASME, Vol. 125, pp. 692-699 
Rockey KC, Evans HR, Griffiths DW, Nethercot DA (1975), The finite element method, 
William Clowes & Sons, Limited, London, Beccles and Colchester 
142 
Rogers C, Tseng DT, Squire IC, Edelman ER (1999), "Balloon-Artery Interactions 
During Stent P1acement: A Finite E1ement Analysis Approach to Pressure, CompJiance, 
and Stent Design as Contributors to Vascu1ar Injury", Circulation Research, VoL 84, pp. 
378-383 
Tan LB, Webb DC, Kormi K, AI-Hassani STS (2001), "A method for investigating the 
mechanical properties ofintracoronary stents using finite e1ement numerical simulation", 
International Journal of Cardiology, Vo1.78, pp. 51-67 
143 
